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WELCOME

The Electromagnetics Division is a critical national resource for a wide range of customers.
U.S. industry is the primary customer both for the division’s measurement services and for
technical support on the test and measurement methodology necessary for research, product
development, manufacturing, and international trade. The division represents the U.S. in inter-
national measurement intercomparisons and standards development related to radio-frequency
and microwave technology, electromagnetic fields, and superconductors. The division also
provides measurement services and expert technical support to other agencies of the federal
government to support its programs in domestic and international commerce, national defense,
transportation and communication, public health and safety, and law enforcement.

The division is organized into three groups. The groups’ projects are led by senior technical
staff with the assistance of physicists, engineers, technicians, and research associates, as well
as graduate and undergraduate students.

The Radio-Frequency Electronics Group conducts theoretical and experimental research to
develop basic metrology, special measurement techniques, and measurement standards neces-
sary for advancing both conventional and microcircuit guided-wave technologies; for charac-
terizing active and passive devices and networks; and for providing measurement services for
power, noise, impedance, material properties, and other basic quantities.

The Radio-Frequency Fields Group conducts theoretical and experimental research neces-
sary for the accurate measurement of free-space electromagnetic field quantities; for character-
ization of antennas, probes and antenna systems; for development of effective methods for
electromagnetic compatibility assessment; for measurement of radar cross section and radiated
noise; and for providing measurement services for essential parameters.

The Magnetics Group develops measurement technology for industries broadly concerned
with magnetic information storage and superconductor power, spanning the range from practi-
cal engineering to theoretical modeling. The group disseminates the results of its research
through publications in refereed journals, presentations at conferences and workshops, and
participation in standards organizations.

A separate Division program is forging new directions for the advancement of wireless tech-
nology via the development of standards for a new generation of broadband wireless access
products.

We hope that this collection of information will help you in understanding the work of the
division and in making use of the technical capabilities and services that we provide for indus-
try, government, and academia. We invite you to visit our Web site, http://www.boulder.nist.gov/
div818. This site will provide you with more information on our projects and measurement-
related software, and reprints of our publications. Thank you for your interest in the
Electromagnetics Division.

Dennis Friday, Chief, Electromagnetics Division

Michael Kelley, Leader, Radio-Frequency Electronics Group
Perry Wilson, Leader, Radio-Frequency Fields Group

Ron Goldfarb, Leader, Magnetics Group



INTRODUCTION TO TECHNICAL PROGRAMS

The division carries out a broad range of technical programs focused on the precise realization
and measurement of physical quantities throughout the radio spectrum. Key directions in-
clude: (a) the development of artifact reference standards, services and processes with which
industry can maintain internationally recognized measurement traceability; (b) the advance-
ment of technology through the development of new measurement techniques that are theo-
retically and experimentally sound as well as relevant and practical; (c) the assessment of total
measurement uncertainties; and (d) the provision of expert technical support for national and
international standards activities. We strive to perform leading-edge, high-quality research in
metrology that is responsive to national needs. Division programs cover the following techni-
cal areas:

FunpDAMENTAL MicROWAVE QUANTITIES

The fundamental microwave quantities program develops standards and methods for measur-
ing impedance, scattering parameters, attenuation, power, voltage, and thermal noise, and pro-
vides essential measurement services to the nation.

New DirecTIONS IN MicROWAVE ELECTRONICS

New thrusts in microwave metrology include the characterization of nonlinear properties of
devices, the linear and nonlinear characterization of wireless systems, precise on-wafer mea-
surement of ultra-high-speed waveforms, and methods for contact and noncontact electrical
probing of nanoscale electronic structures.

ELECTROMAGNETIC PROPERTIES OF MIATERIALS

The electromagnetic properties of materials program develops theory and methods for mea-
suring the dielectric and magnetic properties of bulk and thin-film materials throughout the
radio spectrum.

ANTENNAS AND ANTENNA SYSTEMS

The antennas and antenna systems program develops theory and techniques for measuring the
gain, pattern, and polarization of advanced antennas; for measuring the gain and noise of large
antenna systems; and for analyzing radar cross-section measurement systems.

ELECTROMAGNETIC COMPATIBILITY

The electromagnetic compatibility program develops theory and methods for measuring elec-
tromagnetic field quantities and for characterizing the emissions and susceptibility of elec-
tronic devices and systems, in both the frequency and time domains.

MAaGNETODYNAMICS AND SPIN ELECTRONICS

The program in magnetodynamics and spin electronics undertakes experimental research on
fundamental aspects of magnetization switching, precession, and damping at the nanoscale for
applications in magnetic information storage (such as magnetoresistive read heads, recording
media, and magnetic random access memory) and magnetic devices (such as oscillators driven
by the transfer of quantum-mechanical electron spin angular momentum to magnetic films).



MAacGNETIC SENSORS AND ScANNED-PROBE MicroscoPY

The program in magnetic sensors and scanned-probe microscopy is developing new sensors
and systems for the low-noise detection of extremely weak magnetic fields for imaging and
measurement applications in data storage, microelectronics, medicine, and national security.

SUPERCONDUCTOR CHARACTERIZATION AND STANDARDS

The program in superconductor characterization and standards develops measurement methods for
the electric, magnetic, and mechanical properties of high-temperature and low-temperature super-
conductor wires and tapes for power applications.
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Technical Contacts:
Tom Crowley
Ron Ginley

Staff-Years (FY 2004):
3 professionals
3 technicians

FunNDAMENTAL MICROWAVE QUANTITIES:

PowER

GoaLs

This project develops, maintains, and improves
standards, systems, and methods for measuring
power over the frequency range from 100 kilohertz
to 110 gigahertz. It provides measurement services
and support to U.S. industrial and government labo-
ratories.

Jim McLean prepares to lower a waveguide micro-
wave calorimeter into a water bath. © Geoffrey
Wheeler

CusTtoMER NEEDS

A system’s output power level is frequently the crit-
ical factor in the design, and ultimately the perfor-
mance, of radio-frequency (RF) and microwave
equipment. Accurate measurements of power and
voltage allow designers and users of measuring and
test equipment to determine whether performance
specifications are met. Inaccurate measurements
can lead to over-design of products, and hence, in-
creased costs. Economic gains are realized through
improvements in accuracy. State-of-the-art calibra-
tion services are needed so that customers can main-
tain quality assurance programs in the manufacture
and distribution of their products. The availability
of these services allows customers to be globally
competitive.

Several emerging technologies have microwave
power metrology needs that will require new ser-
vices. High-bit-rate optoelectronics devices such
as those used for the internet will need broadband

characterization up to 110 gigahertz. An increas-
ing number of applications, including some in
homeland security, are using frequencies above 100
gigahertz.

TECHNICAL STRATEGY

The two primary areas of current work in micro-
wave power are improvements in measurements
above 50 gigahertz and maintenance of calibration
services with a wide variety of connector types.
Basic research into quantum-based microwave
power measurement is also being performed.

Measurements above 50 Gigahertz — For a num-
ber of years, power measurements at NIST above
50 gigahertz have been based on calorimetric and
six-port measurements. NIST’s internal standards
were characterized in the calorimeters and the mea-
surements transferred to customer devices by use
of a six-port. The internal standards were modified
commercial power sensors, and the calorimeters
were designed specifically for these standards.
Measurement services have been available in 1 gi-
gahertz steps from 50 to 75 gigahertz and from
92 to 96 gigahertz. It takes about 1 day to charac-
terize a few customer devices at each frequency.

Improvements in our standards are needed for a
number of reasons. Frequency coverage in 1 giga-
hertz steps is not adequate for characterizing broad-
band devices such as optoelectronics devices that
operate at 40 gigabits per second. It is also not ad-
equate to cover new applications at frequencies
above 75 gigahertz. The commercial power sen-
sors that were originally modified to create our in-
ternal standards can no longer be obtained. Exist-
ing internal standards no longer produce reliable
results in the calorimeters.

In order to address these problems, power mea-
surement services between 50 and 110 gigahertz
are being rebuilt with numerous improvements. For
some applications, manually tuned Gunn diode
oscillators have been replaced with backward-wave
oscillators that can be electronically controlled. It
is therefore, much easier to do multiple frequency
measurements. A single backward-wave oscillator
tube can also cover the entire frequency band from
75 to 110 gigahertz. A direct comparison system
that can evaluate a customer device at about
50 frequencies per day will replace the six-port



systems. The WR-15 (50 to 75 gigahertz) system
has been completely evaluated, while the WR-10
(75 to 110 gigahertz) system has been constructed,
but not yet evaluated. New calorimeters have been
designed for both WR-10 and WR-15. They will
accommodate a wider variety of internal standards
than the present calorimeters. They were also de-
signed so that a feedback system could be imple-
mented and reduce the time required per frequency.
Future plans include the extension of the direct
comparison measurements to 1.85 millimeter co-
axial connectors that will allow measurements from
DC to 65 gigahertz with a single connector. Finally,
a long-term goal is to develop a new internal stan-
dard to replace our existing standards.

The immediate beneficiary of these improvements
will be the Optoelectronics Division. It has primary
responsibility for characterizing high-bit-rate digi-
tal systems that are currently being developed for
optical-fiber communications systems and the
internet. In order to do that, they have an immedi-
ate need for broadband RF power calibration of
diode detectors from DC to 65 gigahertz (prefer-
ably in 100 megahertz steps) with an eventual re-
quirement of measurements up to 110 gigahertz.

John Juroshek measuring a coaxial power detector.
© Geoffrey Wheeler

Other customers will also benefit from these im-
provements. The transition from six-port to direct
comparison measurements will result in a lower cost
service with comparable uncertainty. Generally,
coaxial systems are more useful to most customers
than waveguide systems. Thus, the addition of a
1.85 millimeter coaxial connector direct compari-
son system will significantly help industry develop
new products with these connectors. For the near
future, 1.85 millimeter devices will be traceable to

the WR-15 and 2.4 millimeter calorimetric primary
standards.

We plan to assemble, test, and evaluate uncertainty
of new WR-15 and WR-10 calorimeters. We will
develop a feedback system for the new calorim-
eters that reduces the period of time in which the
RF source must deliver power. This is important
for extending the lifetime of the backward wave
oscillator tubes. We will complete a direct com-
parison system for power detectors with 1.85 mil-
limeter coaxial connectors.

Maintenance and Improvement of Existing
Standards — We offer RF and microwave power
measurement services for 5 types of coaxial con-
nectors and 7 waveguide sizes. Short-term mainte-
nance of these systems requires that they be con-
tinuously checked for reliability and updated as
needed. The quality system defines the checks and
measurements that need to be done.

We also offer voltage measurements from 30 kilo-
hertz to 100 megahertz and a high-power (1 to 1000
watt) measurement service from 1 to 1000 mega-
hertz. On a long-range time scale, measurement
system components need to be replaced in order to
maintain the quality of the system. Of particular
concern in this area is that the bolometric standards
with WR-15, WR-10, and 2.4 millimeter coaxial
connectors cannot be replaced. We anticipate that
we will have to develop our own standards in the
future.

In the near future, we will deliver calibration ser-
vices in power and voltage, update the quality
manual, offer high power measurements at both the
input and output plane of the customer’s DUT, and
transfer 100 kilohertz to 10 megahertz measure-
ments to a direct-comparison system.

Quantum Based RF Power Measurement — RF
power measurements have traditionally been trace-
able to DC power measurements. NIST’s primary
and transfer standards all rely on this technique in
which temperature changes due to RF and DC
power are measured and compared. The largest
uncertainty in the measurements is due to differ-
ences in the location of the RF and DC power dis-
sipation.

An alternative approach is to measure the field
strength of microwaves through their effect on the
quantum state of atoms. In this measurement, a
group of atoms are prepared in a single quantum
state. They are then exposed to microwaves at a
frequency that corresponds to the energy difference
between this state and a second quantum state. The



atoms will oscillate between the two states at a fre-
quency that is proportional to the field strength.
The process is known as a Rabi oscillation. By
measuring the number of atoms in each state, the
field strength can be determined. A proof-of-con-
cept experiment was conducted in collaboration
with the Physics Laboratory. The next stage in this
work will be an experiment that accurately com-
pares a traditional measurement with the quantum
measurement.

ACCOMPLISHMENTS

®  Quantum-Based Microwave Power — In
collaboration with the Physics Laboratory, the RF
magnetic field strength of 9.193 gigahertz micro-
waves in a cavity was determined by measuring
the Rabi oscillation of cesium atoms passing
through the cavity. The experiment used a small
fountain apparatus originally designed for use as
an atomic clock. The magnetic field measurement
depends only on atomic parameters and the time
the atoms spent in the cavity. This ties an RF mea-
surement directly to atomic parameters. Additional
measurements of the cavity properties were used
to determine the microwave power incident on the
cavity. This was compared with the incident power
as determined through a traditional measurement.
The two differed by 5 percent, which was consider-
ably smaller than the uncertainty in the comparison.

B Waveguide Direct Comparison — A direct-
comparison system for WR-15 and WR-10
waveguide has been constructed. The WR-15 sys-
tem has been tested and its uncertainty analysis
completed. This system will reduce the time re-
quired to evaluate a customer mount by a factor of
about 50 from our previous six-port. It also has a
slightly lower uncertainty on average.

B New Waveguide Calorimeters — New WR-
15 and WR-10 calorimeters have been designed.
These new calorimeters will replace older versions
that have become unreliable. They will be able to

characterize a wider variety of bolometric standards
and have been designed so that feedback control
can be used to reduce the time required for source
operation. These improvements will make it easier
to calibrate instruments at a greater number of fre-
quencies and provide more options for transfer
measurements, and should also be compatible with
any future bolometric standards developed by
NIST.

®  Quality Manual — A quality system has been
implemented for both calorimetric power measure-
ments and for the transfer of those measurements
to customer systems through six-port and direct
comparison systems. The quality system largely
documents measurement practices that have been
in place for a number of years.

CALIBRATIONS

®m  Power and voltage calibrations were performed
on 128 devices in FY 2003 and on 129 devices in
FY 2004.

SHORT COURSES

B Annual presentation at NIST/ARFTG Short
Course on Microwave Measurements.

COLLABORATIONS

®  Physics Laboratory, quantum-based RF power
measurement.

REeceNT PUBLICATIONS

T. P. Crowley, E. A. Donley, and T. P. Heavner, “Quantum-
Based Microwave Power Measurements: Proof-of-Concept
Experiment,” Rev. Sci. Instrum. 75,2575-2580 (August 2004).

T. P. Crowley and F. R. Clague, “A 2.4 mm Coaxial Power
Standard at NIST,” British Electromagnetic Conf., Harrogate,
U.K. (November 2001).

J. R. Juroshek, “NIST 0.05-50 GHz Direct Comparison Power
Calibration System,” Conf. Precision Electromagn. Meas.,
Sydney, Australia, pp. 166-167 (May 2000).



FunbAMENTAL MiICROWAVE QUANTITIES:
ScATTERING PARAMETERS AND IMPEDANCE

GoaLs

This project provides traceability for microwave
measurements in scattering parameters, impedance,
and attenuation. It supports the microwave indus-
try by developing standards and new measurement
techniques. It develops methods for assessing and
verifying the accuracy of vector network analyzers.

CustoMER NEEDS

Vector network analyzers (VNASs) are the single
most important instrument in the microwave indus-
try. These instruments are commonly found on pro-
duction lines and in calibration and research labo-
ratories. Vector network analyzers are typically cali-
brated daily, and the accuracy of their measurements
can vary significantly after calibration, depending
on the operator’s skill, the quality of the calibra-
tion standards, and the condition of the test ports.
The microwave industry needs cost-effective tech-
niques to monitor and verify the accuracy of VNA
measurements. In addition, industry requires vali-
dation of techniques and procedures they develop.
We support these needs by providing consultations
on measurement techniques and uncertainty char-
acterization. We also offer an extensive array of
measurement services that allow VNA users to es-
tablish and gain confidence in their own capabilities.

TECHNICAL STRATEGY

There is an increasing demand for scattering-pa-
rameter (s-parameter) measurements. This is par-
ticularly evident for measurements above 50 giga-
hertz. The demand is coming from many emerging
technologies including high-bit-rate digital systems
and other communication systems. Support for
higher frequencies and new connector types is
needed. At the same time, the demand for existing
measurement services is also increasing. We are
developing improved s-parameter calibration ser-
vices and techniques to support industry needs. The
principal areas of our efforts include: support for
existing calibration services; developing new cali-
bration capabilities; and developing new calibra-
tion and measurement technology and techniques.

The existing calibration services cover an enormous
range of connector types and frequency ranges.
Both coaxial connector and waveguide devices are
measured. Even though the commercial VNAs have
measurement capabilities and uncertainties simi-
lar to those that NIST has, there is still a very strong
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demand for the classical artifact-based type of mea-
surement to support the very large installed base of
legacy equipment. We support this demand with
device-based measurement services. Additionally,
the existing s-parameter services are necessary to
support the mismatch correction for power calibra-
tions. Verification of measurement systems and
calibrations is one of our most important tasks, and
we will continue to improve our check-standard
capabilities through an improved database and op-
erator interface.

International comparisons play an important part
in validating s-parameter measurements at NIST.
These comparisons help us ensure that our s-pa-
rameter capabilities are comparable to those of
other national metrology institutes. This relation-
ship insures that users of the NIST calibration ser-
vices will be able to compete in the international
market. We will continue to participate in as many
international comparisons as is practical.

Another service we provide to help customers have
confidence in their measurements is the NIST Mea-
surement Comparison Program. This program al-
lows a customer to measure a set of devices previ-
ously characterized by NIST, and then compare
their results to NIST’s along with the identifica-
tion of NIST’s uncertainties. This program will be
broadened to include new connector types and ad-
ditional capabilities.

New services are being developed to address the
increased demand from the optical-fiber commu-
nication industry, wireless systems, and aerospace,
military and general communications industries, to
name a few. Higher frequencies and smaller con-
nector sizes are being used on a routine basis. We

Technical Contact:
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are meeting some of these needs by adding the 1.85
millimeter and the 1.0 millimeter connector size
capabilities to our measurement services in the next
year. We are also looking at support requirements
for other connector types including the 7/16 con-
nector and 75-ohm-based connectors.

There is a general agreement among the principal
users and makers of VNA systems that there is still
much to be understood about VNA calibrations and
measurements. We are taking a very active role in
developing VNA calibration and measurement
theory and techniques. We have developed the
theory and techniques for correcting lower accu-
racy Open-Short-Load calibrations to almost the
accuracy of the line-reflect-line (LRL) calibrations
(regarded as the most accurate) for one-port mea-
surements. We will be pursuing a similar correc-
tion process for two-port measurements. Because
of the parity between customer capabilities and
those at NIST, we are looking at different ways to
support VNA systems in industry. Verification of
VNA calibrations is very important; the current
verification process is not as good as it needs to
be. We have developed a program that will com-
pare the contents on verification disks to measure-
ments made based on LRL calibrations, and then
we will write new verification disks based on the
LRL measurements and uncertainties. We currently
have the capability for only a few of the verifica-
tion disk formats; we will expand these capabili-
ties and support new formats for VNA systems that
are just becoming available.

We will continue to provide s-parameter measure-
ments to industry, establish 1.85 millimeter s-pa-
rameter calibration service, establish 1.85 millime-
ter and 1.0 millimeter NIST Measurement Com-
parison Program Kits, provide software and tech-
niques to support the DOD’s use of commercial
VNAs, add capabilities for the Agilent 8753 and
PNA series VNAS to the verification disk program,
finish development of the Web-based check stan-
dard database for s-parameter and power measure-
ments, and investigate methods to enhance two-port
calibrations on VNAs.

ACCOMPLISHMENTS

®  The 30 megahertz Precision Attenuation Mea-
surement System was transferred to the U.S. Army
Primary Standards Laboratory. The transferred sys-
tem replaced older equipment at the Army.

m  We delivered an updated System 3 Dual Six-
Port System (18 to 40 gigahertz) to the Navy Pri-
mary Standards Laboratory. This system will help

Calibrating the WR-42 six-port system

support critical, high-frequency waveguide mea-
surements made by the Navy.

B We developed and delivered a suite of VNA
software to the Air Force Primary Standards Labo-
ratory. This software included programs to calibrate
commercial VNAs, take measurements from the
VNAS, read and write corrected verification disks,
read and compare calibration disk’s data, and one-
port calibration correction routines. The Air Force
estimates that the use of these packages will save
them in excess of $100 000 a year.

B A quality system has been implemented for s-
parameter measurements.

CALIBRATIONS

B The s-parameter and impedance measurement
services were performed on 124 devices in FY 2003
and on 203 devices in FY 2004.

SHORT COURSES

B Annual presentation at NIST/ARFTG Short
Course on Microwave Measurements
COLLABORATIONS

Optoelectronics Division, oscilloscope and power
head calibrations

CoMMITTEE PARTICIPATION

®  ARFTG Executive Committee; NCSLI Mea-
surement Comparison Program Committee, NCSLI
Intrinsic and Derived Standards Committee, and
NCSLI U.S. National Measurement Requirements
Committee.

REeceNT PuBLICATION

J. R. Juroshek, “Correcting for Systematic Errors in One-Port
Calibration Standards,” 62nd ARFTG Conf. (December 2003).



FunDAMENTAL MICROWAVE QUANTITIES:

NoISE

GoaLs

This project develops methods for very accurate
measurements of thermal noise and provides sup-
port for such measurements in the communications
and electronics industries and in other government
agencies.

Amplifier noise-parameter measurements using two
cryogenic standards, one to calibrate the radiometer
and one for input to the amplifier.

CustoMER NEEDS

Noise is a crucial consideration in designing or as-
sessing the performance of virtually any electronic
device or system that involves detection or pro-
cessing of a signal. This includes communications
systems, such as cellular phones and home enter-
tainment systems, as well as systems with internal
signal detection and processing, such as guidance
and tracking systems or electronic test equipment.
The global market for microwave and millimeter-
wave devices in these areas is huge and will grow
larger. Important trends requiring support include
the utilization of higher frequencies, the growing
importance of low-noise amplifiers and transistors,
and the perpetual quest for faster, less expensive
measurements. The two most important noise-re-
lated technical parameters requested by industry
are the noise temperature of a one-port source and
the noise figure of an amplifier.

Noise power is also the quantity that is measured
in passive remote sensing, such as that used to
measure properties of the earth’s surface from sat-
ellites or airplanes. The growing importance of such
measurements for climate monitoring, weather fore-
casting, agriculture, and other applications has high-

lighted the need for better calibration techniques,
smaller uncertainties, and compatibility between
results from different instruments.

TECHNICAL STRATEGY

We are working in three general areas: traditional
noise-temperature measurements, characterization
of amplifier and transistor noise properties, and
calibration of remote-sensing radiometers. In tra-
ditional noise-temperature measurements, we of-
fer measurement services at 30 and 60 megahertz
and from 1 to 40 gigahertz for coaxial sources, and
from 8.2 gigahertz to 65 gigahertz for waveguide
sources. Recent improvements have reduced the
time required for these measurements, thereby re-
ducing the costs to our customers.

The second general thrust of the project is in am-
plifier and transistor noise-parameter measure-
ments. The long-term goals in this area are to im-
prove techniques for measurement of noise param-
eters of low-noise amplifiers and transistors, to
develop measurement capability for noise param-
eters of amplifiers with coaxial connectors from 1
to 12 gigahertz, and to provide a mechanism for
industry to access this capability, either through
measurement comparisons or a measurement ser-
vice.

A new thrust of the project is in improving meth-
ods for calibration and validation of microwave ra-
diometers used for remote sensing from satellite or
airplane. The central element of this effort will be
the development of microwave brightness-tempera-
ture standards, comprising both standard radiom-
eters and standard calibration targets. The standard
radiometers will be used to measure customer cali-
bration targets at NIST, and the standard calibra-
tion targets will be used in measurements at out-
side facilities, as well as for comparison measure-
ments with the NIST standard radiometer.

Our goals for this coming year are to measure the
noise parameters of a low-noise amplifier for an
interlaboratory comparison with NPL, measure the
noise parameters of a cryogenic amplifier belong-
ing to the Terahertz Project, and measure noise
parameters of ultra-large-scale integration (ULST)
devices on wafer for comparison to IBM and
RFMD. We intend to study the uncertainties in on-
wafer measurements of noise parameters; design a

Technical Contact:
Jim Randa

Staff-Years (FY 2004):
2.5 professionals

1.5 technicians
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temperature-controlled, shielded, anechoic cham-
ber for standard radiometer(s); use the Physics
Laboratory’s infrared (IR) imaging system to study
thermal gradients in a calibration target used for
microwave remote sensing; and continue to pro-
vide noise-temperature measurement services.

Calibration target being tested in anechoic chamber:

ACCOMPLISHMENTS

®  Amplifier Noise-Parameter Measurements
and Verification — The Noise Project completed
development of a measurement capability for noise
parameters of low-noise amplifiers (LNAs), includ-
ing a Monte Carlo assessment of uncertainties. We
also completed and successfully implemented two
types of verification tests for such measurements.
All tests were satisfied within the uncertainties,
thereby providing support for both the measure-
ment results and the associated uncertainty esti-
mates.

B Variable-Termination Unit— A variable-ter-
mination unit (VTU) was designed, fabricated, and
tested. The VTU will be used in noise-parameter
measurements, allowing automated switching to an
array of different input terminations for the ampli-
fier, rather than the manual disconnecting and con-
necting that is currently used.

®  Traceability for Microwave Remote-Sens-
ing Measurements — A plan was developed for
establishing traceability to NIST for microwave
remote-sensing measurements. The plan includes
the theory necessary to link microwave remote-
sensing measurements to primary noise standards.
It was documented in a NIST internal report and in
a conference paper.

B Measurement of Microwave Brightness
Temperature — Preliminary measurements were
performed on a hot calibration target borrowed from
the NOAA Environmental Technology Laboratory.
A standard gain horn (SGH) was characterized by

the Antenna Metrology Project and was connected
to the measurement plane of the Noise Project’s
WR-42 waveguide radiometer to form a standard
radiometer for remote sensing. This standard radi-
ometer was then set up to view the calibration tar-
get mounted in the anechoic chamber. The target’s
brightness temperature was measured for different
distances and compared to the nominal brightness
temperature based on the sampled physical tem-
perature. Satisfactory to good agreement was ob-
tained, and possible areas of improvement were
identified.

B Target Reflectivity — A study performed in
FY 2004 on the effects of target reflectivity in the
calibration of microwave remote-sensing radiom-
eters was documented in a conference paper and a
journal paper. This study found that a common ap-
proximation used in calibrating microwave radi-
ometers leads to errors that can be quite signifi-
cant.

B Detector Linearity Study — Measurements
were made on tunnel diode detectors of the type
typically used in microwave remote-sensing radi-
ometers. These measurements included variations
in detector temperature as well as output load im-
pedance. Results point to improved test methods
and a way to greatly reduce the cost associated with
radiometer linearity tests.

m  CEOS Definitions — The Web site for stan-
dard definitions was maintained (http://
www.boulder.nist.gov/div813/stdterms/index.htm)
and Chapters 1 and 2 of the compilation of stan-
dard definitions for microwave radiometry were
accepted by the Committee on Earth Observation
Satellites (CEOS).

CALIBRATIONS

B In FY 2004, calibrated 8 devices for custom-
ers.

COLLABORATIONS

®m  Warsaw University of Technology (W. Wiatr),
on-wafer noise-parameter measurements

®  [BM and RFMicroDevices (Kelvin Project),
noise parameters of ULSI devices

®m  National Polar-orbiting Operational Environ-
mental Satellite System (NPOESS), ATMS Cali-
bration and Validation Working Group

®  NOAA Environmental Technology Laboratory
(A. Gasiewski and M. Klein), calibration target
characterization



B NASA Microwave Instrument Technology
Branch (P. Racette, J. Piepmeier), calibration tar-
get characterization

®m  Physics Laboratory (J. Rice, C. Johnson), ra-
diometer calibration and validation and target char-
acterization

®  Information Technology Laboratory (K.
Coakley, J. Splett), nonlinear modeling of tunnel
diode detectors

STANDARDS AND TECHNICAL
ComMITTEE PARTICIPATION

®m  Consultative Committee on Electricity and
Magnetism (CCEM), Working Group on Radio
Frequencies, Chairman

®  [EEE Microwave Theory and Techniques So-
ciety, Technical Committee on Microwave Low-
Noise Techniques, TC-14

B [EEE Geoscience and Remote Sensing Soci-
ety Technical Committee on Instrumentation and
Future Technologies

®  [EEE Geoscience and Remote Sensing Soci-
ety liaison to IEEE Standards Board

m  CEOS Working Group on Calibration and Vali-
dation, Microwave Sensors Subgroup, Standard
Terminology compilation (Chapters I and II)

REeceNT PUBLICATIONS

J. Randa, D. K. Walker, A. E. Cox, and R. L. Billinger, “Errors
Resulting from the Reflectivity of Calibration Targets,” /EEE.
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J. Randa, A. E. Cox, D. K. Walker, M. Francis, J. Guerrieri,
and K. MacReynolds, “Standard Radiometers and Targets for
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Sensing Symp. (IGARSS), Anchorage, AK, paper 2TU_30_10
(September 2004).

D. K. Walker, K. J. Coakley, and J. D. Splett, “Nonlinear Mod-
eling of Tunnel Diode Detectors,” Int. Geoscience and Remote
Sensing Symp. (IGARSS), Anchorage, AK, paper 8ITH_14 11
(September 2004).

J. Randa, D. K. Walker, A. E. Cox, and R. L. Billinger, “Errors
Due to the Reflectivity of Calibration Targets,” Int. Geoscience
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4TH_70 02 (September 2004).
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“Linking Microwave Remote-Sensing Measurements to Fun-
damental Noise Standards,” Conf. Precision Electromagn.
Meas., London, U.K., pp. 465-466 (June 2004).

G. Free, J. Randa, and R. L. Billinger, “Radiometric Measure-
ments of a Near-Ambient, Variable-Temperature Noise Stan-
dard,” Conf. Precision Electromagnetic Meas., London, U.K.,
pp. 414-415 (June 2004).
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rameter Determination Due to Imperfect Source Impedance
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J. Randa, “Traceability for Microwave Remote-Sensing Radi-
ometry,” NIST Interagency Report, NISTIR 6631 (June 2004).
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“Your work represents
an important develop-
ment in this area,
opening a new applica-
tion of ANNs to measure-

ment standards.”

Prof. Zhang, Nortel/NSERC
Industrial Chair in CAE
Carleton University
January 2002

New DIREcTIONS IN MicROWAVE ELECTRONICS:
NONLINEAR DEVICE CHARACTERIZATION

GoaLs

This project develops new and general measure-
ment methods for characterizing nonlinear micro-
wave and millimeter-wave circuits, semiconductor
devices, and advance technology elements. It re-
fines and transfers these methods to research and
development laboratories through international
collaborations.

Jeffrey Jargon measures a commercial harmonic
phase reference standard using the large-signal
network analyzer.

CusTtoMER NEEDS

Radio-frequency (RF) measurements from tens of
megahertz to hundreds of gigahertz are used ex-
tensively throughout the development and deploy-
ment of advanced technology. Historically the fo-
cus was on linear network characterization, but
more recently the commercial wireless industry
identified the need for new methods in nonlinear
network analysis and requested NIST’s assistance.
Additionally, a growing effort in advanced bio- and
nano-technologies is now calling for related non-
linear system identification tools.

The needs in nonlinear RF network analyzers are
two-fold. Engineers and researchers require accu-
rate measurements of the absolute wave variables
of periodic, harmonically rich signals, not just the
wave-variable ratios at single frequencies that are
used in linear network analysis. Second, they need
efficient methods of capturing the observed wave
variables over an adequate range of states in order
to model the behavior of their nonlinear networks.
We formed the Nonlinear Device Characterization

(NDC) Project in FY97 to address these specific
needs, working first with the commercial wireless
world.

TECHNICAL STRATEGY

The main strategy of the NDC Project is to develop
accurate measurements of broadband wave-vari-
ables (up to 50 gigahertz at this point, with plans to
expand). With solid measurement techniques and
statements of measurement uncertainty we can pur-
sue our secondary strategies of new measurement-
based modeling and canonical nonlinear devices
for measurement verification. While we often dem-
onstrate the application of new methods in indus-
trial problems, our strong physical foundation natu-
rally leads to methods and tools that are general
and support a wide range of advanced technology.

The NDC Project established a new and unique
measurement facility by acquiring a passive
intermodulation (PIM) analyzer and prototype
large-signal network analyzer (LSNA). The facil-
ity provides a unique collection of equipment and
methods in open U.S. research laboratories, and
the most general approach to measuring large-sig-
nal responses in nonlinear RF networks. We are
developing accurate calibration and measurement
techniques for users of LSNA-like equipment, and
recently collaborated with the Vrije Universiteit
Brussel on new statistical approaches for vector
network analyzer identification and correction. We
are also developing a nonlinear superconducting
device for the verification of wave-variable phase,
and have developed a diode circuit-verification
wafer for an interlaboratory measurement compari-
son.

One way the NDC Project is supporting high-fre-
quency radio design is in measurement-based mod-
eling, that is, linking the accuracy of a model to the
quality measurements. Industrial experts estimate
that the “basic” RF power amplifier accounts for
over 50 percent of base station costs and over 20
percent of the total wireless link cost, due to high
development costs. These amplifier circuits are
supposed to be linear, but this is often an unrealis-
tic specification in commercial applications, where
cost and battery drain margins are small. More ac-
curate nonlinear device and amplifier models would
reduce radio transceiver costs dramatically. Like-
wise, the cost of microwave transistor mixer cir-



cuits could be reduced. Through various collabo-
rations, the NDC team has developed artificial neu-
ral-network models for power amplifiers, and ex-
tracted mixer transfer admittance models, both from
LSNA measurements. Additional contributions in
this area will significantly improve design-cycle
efficiency and trade between manufacturers.

The NDC team is now working on methods that
will bring wave-variable measurements to nano-
technology development. An emerging project strat-
egy is to focus on connection methods and new cal-
ibration frameworks to extend our expertise in
broadband wave-variable measurements to the elec-
trical characterization of nanostructures.

Next year we will develop behavioral modeling
methods for power amplifiers using large-signal net-
work analyzer data. We will formulate large-signal
scattering parameter descriptions of nonlinear cir-
cuits under specific stimuli. We will develop sto-
chastic methods of vector network analyzer identi-
fication and correction. We will do an uncertainty
analysis of LSNA wave-variable measurements. We
will participate in an interlaboratory measurement
comparison for LSNAs and LSNA-like equipment.

ACCOMPLISHMENTS

®  Improved Calibration of Large-Signal and
Traditional RF Vector Network Analyzers Us-
ing New Maximum Likelihood Estimator — In
collaboration with the Vrije Universiteit Brussel, a
statistical method was developed for identifying
vector network analyzer parameters, and the un-
certainty in the parameters. This is a new frame-
work to LSNA and VNA measurement correction,
and deviates significantly from traditional deter-
ministic methods used in the industry.

B Discovered Warm-Up Drift in Harmonic
Phase Reference Standards Used in Commer-
cial Large-Signal Network Analyzers — In col-
laboration with Information Technology Labora-
tory an empirical model was developed for the
warm-up drift in harmonic phase standards used to
calibrate the phase distortion of nonlinear vector
network analyzers. Using this model, we prescribed
a stability point. This contribution significantly
improves LSNA phase distortion calibrations, and
is already being adopted by LSNA users.

®  Completed Development of Relationships
between Nonlinear Large-Signal Scattering Pa-
rameters and Nonlinear Large-Signal Imped-
ance Parameters — We provided the industrial
community with important new figures of merit for

nonlinear microwave circuit analysis that can be
readily employed as computer-aided tools for wire-
less component design or in measurement compari-
son experiments.

B Demonstrated Nonlinear Superconductor
Device as Potential Phase Reference — A high-
temperature superconducting device with a calcu-
lable nonlinear response was developed. Measured
third-order response on LSNA and showed its phase
match prediction. This device is potentially the first
true, independent standard in verifying LSNA phase
calibrations.

COLLABORATIONS

B Vrije Universiteit Brussel, Department ELEC,
Statistical LSNA identification and correction tech-
niques.

®  University of Florence, Electrical and Com-
puter Engineering Department, Measurement-based
behavioral models of microwave mixer circuits.

®m  Information Technology Laboratory, Harmonic
Phase Reference repeatability and drift analysis;
Wave-variable and scattering parameter statistics;
Interlaboratory measurement comparison data
analysis.

B University of Colorado, Boulder, Artificial
Neural Network modeling of nonlinear amplifier
circuits and VNA calibration standards.

AwaRrDs
B Department of Commerce Silver Medal for
NDC Project, 2003

®  Automatic RF Techniques Group (ARFTG)
Conference Best Poster Paper

PRrRoFeEssioNAL COMMITTEE
PARTICIPATION

m  Jeff Jargon serves as Chair of the IEEE MTT-S
Technical Committee on Microwave Measurements

B Jeff Jargon serves as Chair of the IEEE MTT-S
Standards Coordinating Committee

REeceNT PUBLICATIONS

J. A. Jargon, J. D. Splett, D. F. Vecchia, and D. C. DeGroot,
“Modeling Warm-Up Drift in Commercial Harmonic Phase
Standards,” Conf. Precision Electromagn. Meas., pp. 612-613
(July 2004).

J. A Jargon, K. C. Gupta, and D. C. DeGroot, “Nonlinear Large-
Signal Scattering Parameters: Theory and Application,” 63rd
ARFTG Conlf., pp. 157-174 (June 2004).

“Thank you for the paper
[Multiline TRL Revealed].
Comprehensive and
useful!”

Marek Schmidt

Philips Semiconductor
April 2003
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Int. Microwave Symp., pp. 1735-1738 (June 2004).
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New DIREcTIONS IN MicROWAVE ELECTRONICS:
MEeTROLOGY FOR WIRELESS SYSTEMS

GoaLs

The Metrology for Wireless Systems project de-
velops improved measurement methods for both
well-established and newly emerging wireless com-
munication systems in response to pressing needs
of U.S. industry and the public safety sector. This
goal is achieved by use of advanced measurement
technology to (1) develop new and improved cali-
brations for existing instrumentation, (2) accurately
represent the effects of nonlinear elements such as
power amplifiers on system performance, and (3)
implement cost-effective methods for reliable ra-
dio communications for the public safety sector.

Instrumentation that aids in the refinement and
development of metrology for wireless communication
systems.

CustoMmER NEEDS

Wireless communication systems take many shapes
and forms, including cellular technology for voice,
image, and video transmission, high-speed local-
area and ad-hoc data networks, and RFID tags for
applications such as toll payment and inventory
control. The first responder community utilizes
wireless telecommunications extensively in emer-
gency scenarios, as well as for broadband data trans-
mission for maps, photos, and other images. Accu-
rate system characterization is essential in all of
these applications because it increases efficiency
of system design and validates overall system per-
formance. For the commercial sector, this leads to

increased productivity and revenue. For the public
safety sector, accurate system characterization can
mean the difference between life and death in emer-
gency situations.

TECHNICAL STRATEGY

The commercial wireless market and the first re-
sponder community have similar yet distinct needs.
As a result, this project is divided into two main
thrusts: Measurements for Wireless Systems and
Improved Communications for First Responders.

Measurements for Wireless Systems — This
project was newly formed in FY 2004, having origi-
nated in the Nonlinear Device Characterization
project in FY 2000. The project takes advantage of
new measurement instrumentation capable of ac-
curately characterizing systems that have nonlin-
ear elements to develop new and refined calibra-
tion and measurement methods appropriate for
next-generation and broadband wireless system
technologies. Using this instrumentation we are able
to evaluate measurements made on equipment com-
monly utilized in the industry.

Our goals include development of impedance mis-
match correction techniques for vector signal gen-
erators in their large-signal operating state, devel-
opment and characterization of test and calibration
signals useful to the wireless industry, and assess-
ment of the effect of standard test equipment
nonidealities on system characterization.

Improved Wireless Communications for First
Responders — Until now, first responders have
had little guidance in predicting how well their sys-
tems will operate in a variety of difficult transmis-
sion scenarios. We are developing test methods to
characterize signal degradation, including attenu-
ation and phase distortion, in complex environments
including large buildings and basements.

In particular, we are focusing on development of
wideband measurement methods in the new 4.9 gi-
gahertz public safety radio band for transmission
of voice, data, images, and video. The project is
also involved in compilation of an array of straight-
forward, inexpensive, retrofitable techniques to be
used in emergency weak-signal scenarios, such as
tunnels, basements, and collapsed buildings.

Technical Contact:
Kate Remley

Staff-Years (FY 2004):
2 professionals
3 research associates

“Wireless applications
have quickly grown to
become an important
driver for semiconductor
products and technolo-
gies.”

The International Technology

Roadmap for Semiconductors:
Executive Summary (2003)



“Inadequate and unreli-
able wireless communi-
cations have been
issues plaguing public
safety organizations for
decades. In many cases,
agencies cannot perform
their mission-critical
duties”

“Statement of Requirements:
Background on Public Safety
Wireless Communications,”
The SAFECOM Program,
Department of Homeland
Security, v. 1.0

(March 10, 2004)

Project staff and others from the Electromagnetics
Division carry out propagation measurements (using
the mobile cart behind the staff) and investigate
methods for weak-signal detection at a large public
building scheduled for implosion in New Orleans.

ACCOMPLISHMENTS

B Mathematical Description of Third-Order
Intermodulation Products — We developed a
straightforward, device-independent mathematical
description of third-order intermodulation distor-
tion in amplifier circuits based on two-tone analy-
sis. We verified the description with measurements
on the large-signal network analyzer (LSNA). The
measurements included a technique that extends the
modulation bandwidth of the LSNA. Accurate char-
acterization of intermodulation is a key step in the
field of pre-distortion correction, where the non-
linear behavior of a system is measured in real time
and the incoming signal is distorted to compensate
for the system’s nonlinearity.

B Method to Measure the Small-Signal Re-
flection Coefficient of Vector Signal Generators
under Large-Signal Operating Conditions —
This technique consists of a one-port measurement
performed at the output port of a vector signal gen-
erator while it is in its large-signal operating state.
The method captures both the standard and the
phase-conjugated mixing behavior associated with
nonlinear devices. This new method uses the unique
capabilities of the LSNA to overcome limitations
on VNA measurements of reflection coefficient, and
will enable mismatch correction of sources in their
operating state, including their phase-conjugated
behavior, for the first time.

®  Comparative Measurements of Multisine
Test and Calibration Signals — This collabora-
tion involves measurements of identical multisine
signals with instrumentation capable of character-
izing nonlinear systems, including an LSNA, a vec-
tor signal analyzer, a calibrated sampling oscillo-
scope (with the Optoelectronics Division) and the

NIST Sampling Waveform Analyzer (with the
Quantum Electrical Metrology Division). Some of
these instruments may enable development of new
types of multisine calibration signals, since they
either now have or will soon have uncertainty analy-
ses associated with their measurements.

m  Calibration of a Receiver-Based Measure-
ment System for Weak-Signal Detection — We
developed a method to measure absolute electric
field strength using a communications receiver-
based system. This method will enable measure-
ment of very weak signals from public safety trans-
ceivers in terms of absolute field strength. We have
already applied the method in a collaborative ef-
fort with the Phoenix Fire Department, which has
conducted extensive signal testing of their radio
systems in large public buildings in the Phoenix
area.

B Measurement Methods for Public Safety in
the 4.9 Gigahertz Frequency Band — We devel-
oped a normalization technique that facilitates cal-
culation of a common digital system figure of merit
called error vector magnitude (EVM). We devel-
oped a multisine test signal to emulate the broad-
band digital signal used in common transmission
schemes. Public safety organizations hope to take
advantage of such existing wideband transmission
protocols shifted in frequency to the 4.9 gigahertz
band. This work aims to provide them with a simple
test protocol for their broadband channels.

®  Investigation of Metallic Debris as Ad Hoc
Antenna Arrays — We carried out measurements
using building materials such as conduit, pipe, and
rebar as radiating structures to investigate whether
they can enhance signal transmission and recep-
tion from deep within a building. Using metallic
debris as an ad hoc radiator in a damaged or col-
lapsed building may provide a new type of life-
saving tool in emergency scenarios where commu-
nication is made difficult by large amounts of de-
bris.

COLLABORATIONS

m  Agilent Technologies, K.U. Leuven: device-
independent mathematical description of third-or-
der intermodulation in weakly nonlinear systems

®  K.U. Leuven: method to extend measurement
bandwidth of LSNA for intermodulation distortion
measurements

B Georgia Tech: normalization to facilitate cal-
culation of error vector magnitude (EVM) in broad-
band wireless systems



m K. U. Leuven and Georgia Tech: development
of multisine signals to emulate broadband digital
modulation

B Colorado School of Mines: measurement of
active mixers

B Optoelectronics Division and Information
Technology Laboratory: measurement application
of jitter correction technique

®m  Optoelectronics Division and Quantum Elec-
trical Metrology Division: measurement compari-
son of multisine signals from instrumentation with
measurement uncertainty analyses

B Phoenix Fire Department: measurements of
signal strength during field experiments on signal
quality in large public buildings

AwARDS

B Department of Commerce Silver Medal for
Nonlinear Device Characterization Project Partici-
pation, 2003

B ARFTG Conference Best Paper Award, 2003

PROFESSIONAL COMMITTEE
PARTICIPATION
®  [EEE International Microwave Symposium

Technical Program Subcommittee 7 on Nonlinear
Circuit Analysis and System Simulation

®  Automatic RF Techniques Group (ARFTG)
Nonlinear Vector Network Analyzer Users’ Forum,
coordinator
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“A major roadblock will
be the need for high
frequency, high pin
count probes and test
sockets; research and
development is urgently
required to enable cost-
effective [test] solutions
with reduced parasitic
impedance.”

2003 International
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New DIREcTIONS IN MicROWAVE ELECTRONICS:
HicH-SPEED MICROELECTRONICS

GoaLs

This project supports the microwave, telecommu-
nications, computing, and emerging nanoelectron-
ics industries through research and development
of high-frequency on-wafer electrical metrology for
micrometer-scale and nanoscale electrical devic-
es. It is developing electrical metrology in coaxial
transmission lines to 110 gigahertz and on-wafer
metrology to 400 gigahertz for microwave signal
and signal source characterization, wireless sys-
tems, high-speed microprocessors, and high-speed
nanocircuits and interconnects, and the telecom-
munications industry. The work is interdisciplinary
and relies on strong collaborative efforts with the
Optoelectronics Division.

The NIST electro-optic sampling system provides
traceability for our measurements and calibrations.
Developed jointly with the Optoelectronics Division.

CustoMmER NEEDS

The rapid advance in the speed of modern telecom-
munications and computing systems drives this
project. Characterizing signal integrity in micro-
processors requires at least 10 gigahertz of cali-
brated measurement bandwidth on structures fab-
ricated on a nanoscale. Limited available bandwidth
is pushing wireless systems into the millimeter-
wave region of 30 to 100 gigahertz, where accu-
rate microwave signal and signal source character-
ization is difficult. Optical links operating at 40
gigabits per second require electrical metrology to
110 gigahertz. Emerging high-speed digital circuits
with clock rates of over 100 gigahertz require elec-
trical metrology to 400 gigahertz. These extraordi-
nary advances in technology require new high-

speed coaxial and on-wafer microwave signal and
waveform measurements. Because the speed of the
devices is often linked to size, it is important to
develop this high-speed metrology at both conven-
tional IC and nanoscale dimensions and at both
conventional and high impedances.

TECHNICAL STRATEGY

Coaxial connectors pose insurmountable economic
hurdles for high-speed telecommunications and
computing. For example, a single coaxial adapter
that supports frequencies to 110 gigahertz costs
upwards of $1000. This project focuses on the only
feasible alternative: high-speed on-wafer metrol-
ogy. The project’s initial focus on developing me-
trology for on-wafer network analysis for MMICs
has been expanded to include metrology for sili-
con ICs and differential interconnects. More re-
cently the project has further expanded the focus
to noninvasive probing on a nanoscale and to ul-
tra-high-speed modulated microwave signal, sig-
nal-source, and waveform characterization.

The project focuses on extending fundamental mi-
crowave and on-wafer metrology to higher frequen-
cies and to modulated signals and waveforms.
Working together with EEEL’s Optoelectronics Di-
vision, we have developed a fully calibrated electro-
optic sampling system for characterizing photode-
tectors and calibrating oscilloscopes for microwave
signal characterization. This has set the foundation
for a number of new developments in microwave
metrology, including: modulated microwave sig-
nal and coaxial signal-source characterization to
110 gigahertz, verifying the 3-mixer calibration, and
performing electro-optic on-wafer scattering and
waveform measurements beyond 110 gigahertz.
This fundamental metrology tool will be crucial to
bringing a new generation of calibrated high-fre-
quency oscilloscopes, MTAs, and related instru-
ments to the microwave engineer’s workbench.

Whenever possible, we are extending the use of
these instruments directly to the wafer level. We
are not only developing calibration procedures for
today’s high-performance electrical probes, but we
are also laying the foundations for 200 gigahertz
to 400 gigahertz calibrations for tomorrow’s probes.
We are also developing techniques for performing
noninvasive high-impedance on-wafer waveform
measurements for signal-integrity characterization



in digital silicon ICs and other small circuits. This
effort is particularly important for the development
of electrical metrology for nanoscale devices,
which, due to their small sizes, have extremely high
electrical impedances.

Our plan is to electrically characterize an active
high-impedance probe with our existing VNA cali-
bration methods. We will then characterize the same
probe on our 200-gigahertz-bandwidth EOS sys-
tem. This will lay the groundwork for very-high-
speed on-wafer calibrations for digital IC and
nanoelectronics. We will develop joint time-do-
main/frequency-domain uncertainty analysis for
coaxial photodiode pulse sources. The calibration
and uncertainty representation will include imper-
fections in the electro-optic sampling system and
electrical mismatch corrections, and will be suit-
able for calibrating oscilloscopes with coaxial ports
in either the time or frequency domains to 110 gi-
gahertz. We will develop pulse sources with 400
gigahertz bandwidth. Based on these sources, de-
velop on-wafer waveform characterization ability
to 400 gigahertz. We will apply high-speed wave-
form metrology to microwave problems, including
the characterization of electrical phase standards,
microwave sources, and microwave mixers.

Traceable mismatch-corrected 50 gigahertz micro-
wave oscilloscope calibration with an EOS-character-
ized photodetector.

ACCOMPLISHMENTS

®  High-Impedance Probe Characterization
— We developed a frequency-domain method of
characterizing high-impedance probes suitable for
performing noninvasive on-wafer waveform and
signal-integrity measurements.

m  Electro-Optic Sampling System — In a col-
laborative effort with the Optoelectronics Division,
we built an on-wafer electro-optic sampling sys-
tem. We have developed calibration methods and

uncertainty analyses in coaxial media to 110 giga-
hertz and on-wafer to 200 gigahertz.

B On-Wafer Measurement and Characteris-
tic Impedance — We developed accurate multiline
TRL on-wafer calibrations, on-wafer calibration
verification methods, and compact calibration al-
ternatives with verified accuracy. We developed an
accurate method of measuring the characteristic im-
pedance of a transmission line fabricated on lossy
silicon substrates and an accurate on-wafer cali-
bration using this method.

B Multiport and Coupled-Line Characteriza-
tion — We developed instrumentation and meth-
ods for accurately and completely characterizing
multiports and small printed coupled lines.

B Thin-Film Characterization — In collabo-
ration with our Microwave Materials Group, we
characterized low-k dielectrics fabricated at
SEMATECH using transmission-line methods de-
veloped at NIST.

SOFTWARE

B Time-Base-Correction Software for jitter and
time-base-distortion correction of oscilloscope
measurements.

m  StatistiCAL measurement software implement-
ing general on-wafer and coaxial calibrations with
orthogonal distance regression and uncertainty es-
timation.

®  MultiCal measurement software implementing
the multiline TRL calibration.

®m  Four-port measurement software for perform-
ing orthogonal two-port, three-port, and four-port
measurement with in-line calibrations and inexpen-
sive hardware.

m  Software for characteristic impedance of sili-
con transmission lines designed to accurately de-
termine the characteristic impedance of transmis-
sion lines fabricated on silicon substrates.

®m  CausalCat Software: For computing causal
characteristic-impedance magnitude from the phase
of the integral of the Poynting vector over the guide
cross section.
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New DIREcTIONS IN MicROWAVE ELECTRONICS:
RADI0O-FREQUENCY N ANOELECTRONICS

GoaLs

This project develops fundamental metrology, in-
strumentation techniques, and theory needed for the
microwave, telecommunications, magnetic record-
ing, and computing industries. Research is focused
on standards and tools for visualization and char-
acterization of materials and devices at the
nanoscale. Emphasis is on waveform and fre-
quency-domain metrology of nanoscale intercon-
nects and packaging, and on microscopy and im-
aging of devices and materials.

CustoMER NEEDS

The National Nanotechnology Initiative calls for
the creation of a new research and development
infrastructure to tackle the challenges and oppor-
tunities of nanotechnology. Full exploitation of the
potential of nanotechnology requires long-term in-
terdisciplinary research across such fields as chem-
istry, physics, materials science, electronics, bio-
technology, medicine, and engineering. Research
will be conducted to provide fundamental measure-
ments needed for future generations of hardware
needed to replace semiconductor and magnetic
technology in a decade or so. Our expertise in mi-
crowave metrology, optics, materials characteriza-
tion, clean room microfabrication — as well as
collaboration with other projects — helps us de-
velop new tools and materials characterization tech-
niques for nanotechnology in the frequency range
up to 100 gigahertz and beyond.

TECHNICAL STRATEGY

Based on an understanding of the physics of the
interaction between materials and electromagnetic
waves, we are focusing on the development of new
experimental tools and techniques that address fu-
ture needs of industry that require noninvasive prob-
ing and characterization of submicrometer and
nanoscale structures at radio frequencies (RF). We
are working with the Magnetics Group, the Opto-
electronics Division, and the Materials Science and
Engineering Laboratory to apply on-wafer measure-
ment methods to nanoscale devices and intercon-
nects such as carbon nanotubes or Si nanowires.
We are developing techniques for performing
noninvasive on-wafer waveform measurements for
signal-integrity characterization in digital silicon
integrated circuits and in magnetic recording me-
dia, and calibration procedures for nanoscale elec-

trical and magnetic probing systems. In order to
characterize nanostructures, it is important to ex-
tend the high spatial and temporal resolution of
existing nanoprobes. The objective is to observe
and control the dynamical evolution of physical
phenomena in nanostructures. The development of
nanometer-scale RF pump-probe techniques, na-
nometer-scale feedback and control, and other
probes of local behavior are sought to provide new
insight into nanoscale phenomena.

Radio-Frequency Atomic-Force Microscope
(RF-AFM) Development — Several projects re-
quire high-frequency, near-field imaging capabili-
ties. We are developing experimental techniques
in collaboration with the Magnetics Group and the
Materials Science and Engineering Laboratory for
measuring the high-frequency response and noise
of small magnetic structures. The focus is on the
contribution of the edges on the measured charac-
teristics of small samples. The results from differ-
ent experimental techniques will be compared and
evaluated to get a better understanding of the be-
havior of small magnetic elements.

The possibility of chip-to-chip wireless communi-
cation requires the design of novel micrometer-
scale antennas with special radiation patterns to
ensure the errorless transfer of data from chip to
chip at high data-transfer rates. The imaging of the
near-field radiation patterns of such structures is
of crucial importance for such applications.

Electromagnetic compatibility (EMC) applications
require noncontact measurements of the electro-
magnetic fields in the vicinity of the chip-to-wafer
wiring structures. Similar requirements apply to
tracing the spurious coupling channels in high-fre-
quency devices.

To achieve the necessary sensitivity and spatial
resolution for above mentioned and similar appli-
cations, some modifications to the control hardware
and software of our RF-AFM microscope will be
necessary. We will enhance the capabilities of our
microscope to achieve the necessary performance
through digital signal processor (DSP) control with
development of the supporting software. The avail-
able scanning capabilities are well within the re-
quirements. The control system will be designed
to allow flexibility for simple future modifications
that will be necessary for new applications.
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This year, we plan to design the DSP hardware for
RF-AFM control and develop the necessary soft-
ware. In following years, we will collaborate on
the design of antennas and measure the antenna pat-
terns for chip-to chip communication applications,
characterize the eigenmodes of small magnetic
structures, and relate the measured mode structure
to the noise response of the devices.

Radio-Frequency Probe Development — In or-
der to improve on the spatial resolution and spec-
tral bandwidth of the probes for high-frequency
near-field metrology applications we are also fo-
cusing on development of special probes. These
probes will be designed and tailored to particular
applications. This tailoring includes the spatial reso-
lution, bandwidth, and adjustment of the design.
We may implement small particles or more com-
plex nanoscale structures on the tip area of cantile-
vers based on micro-electromechanical systems
(MEMS). Depending on the application, these
structures can be magnetic, dielectric, or more com-
plicated composite structures that would allow ei-
ther high-frequency or optical detection of the near
electric and magnetic fields. We plan to character-
ize new MEMS-based sensors for the developed
near-field imaging applications.

Evanescent Microwave Probe — We are partici-
pating in a collaboration with the Electromagnetic
Properties of Materials project on the development
of metrology for micrometer and submicrometer
characterization of materials for electronic and
packaging applications. We have developed new
theory and software to characterize the microscopic
fields in evanescent probe metrology. We will ex-
tend new software and theory for the evanescent
microscope methods and do on-wafer measure-
ments of substrate materials.

Nanomaterials and Metamaterials Character-
ization — Carbon nanotubes and Si-based
nanowires are considered as possible option for the
next generations of interconnects and high-integra-
tion-density structures. Although extensive research
is ongoing on the structural, mechanical, and opti-
cal properties and applications of these materials,
very little is known about their behavior in another
important frequency range, from a few megahertz
to 100 gigahertz and beyond. This could be due to
difficulties in separating the characteristics of the
investigated nanostructures from environmental
influence at these frequencies. We are developing
non-invasive metrology based on well developed
on-wafer techniques that allow separating the be-
havior of the nanostructures of interest from that
of their environment.

In recent years there has been increased interest in
the development of composite and artificially struc-
tured materials with properties that differ signifi-
cantly from the properties of standard materials.
Among those are the band-gap materials for differ-
ent frequency ranges and the so-called “negative
index” materials that support the propagation of
electromagnetic waves with opposite phase and
group velocities. Due to their special properties,
several challenges in the theory, tailored material
design, and metrology will have to be mastered.
We are working on all aspects of this challenge. In
the area of metrology, we are developing techniques
to measure the group and phase velocities. In the
area of theory, we work on understanding the elec-
tromagnetic boundary conditions and the scatter-
ing problems that are relevant for the optimal de-
sign of these materials for particular applications.
These applications may include the design of novel
reference materials for broadband, high-frequency
calibrations. We will characterize and measure
metamaterials in collaboration with the Electromag-
netic Properties of Materials project and the Com-
plex Fields project.

ACCOMPLISHMENTS

®  RF-AFM Development — In collaboration
with the Nanoprobe Imaging Project in the Mag-
netics Group we developed a microwave AFM
probe station designed to test the frequency re-
sponse of high-frequency sensors. This year the RF-
AFM head was redesigned (see figure). The head
is attached to a standard microwave probe station
furnished with a piezoelectric positioner. The head
can work both as an AFM system and as a high-
impedance noncontact probe with nanometer spa-
tial positioning. The design allows positioning the
probe between standard microwave on-wafer
probes at a 500 micrometer separation. This re-
quirement was necessary to be able to access stan-
dard on-wafer thru-reflect-line (TRL) calibration
test structures. A commercial 50 gigahertz probe is
attached to the x-y-z positioner to be able to attach
the microwave probe to the MEMS waveguide
structure (at the position of the cantilever in the
figure). We developed calibration procedures to
characterize the properties of the attached micro-
wave MEMS structures up to 50 gigahertz. A
knowledge of the MEMS sensor characteristics
provides the opportunity to measure the true sig-
nals at the tip of the noncontact MEMS probe and
also to assess the invasiveness of the probes used
to measure the voltage and current at the given node
or position on a wafer.
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B RF Probe Development — In collaboration
with the Nanoprobe Imaging Project, we are de-
veloping several types of micromachined standard
or bi-material cantilever probes with either thin-
film FMR or thin-film metallic sensors to probe
microwave fields near active devices. The first pic-
ture shows a loop probe for direct magnetic field
detection and the second figure shows the probe
for calorimetric detection of microwave magnetic
fields. Similar sensors are available for electric field
detection. These sensors are designed for use with

MEMS sensors for detection of microwave magnetic
field component. Top image is a loop sensor with a
coplanar waveguide feed. The cantilever is a silicon
nitride 1 micrometer thick beam. The bottom image is
a bi-material sensor for calorimetric microwave
magnetic field detection.

the above-described RF-AFM system. The sensors
can be of broad bandwidth or can be designed to
be frequency selective. Absorption of the micro-
wave energy in a Ni-Fe sensor, for example, is
maximized when the microwave frequency matches
the ferromagnetic resonance condition. This con-
dition can be adjusted by changing the DC mag-
netic bias field, making the sensor frequency se-
lective. On the other hand the nonmagnetic metal
ring eddy-current sensor in the figure is broadband.
The choice depends on the application.

®  Evanescent Microwave Probe — A new
theoretical model has been developed for wire eva-
nescent microwave probes suspended over a mul-
tiple-dielectric (thin-film on dielectric substrate)
test structure for performing on-chip permittivity
measurements. The theory represents a significant
advance in the near-field probing of materials be-
cause it can be easily extended to thin-film and
multilayer structures.

B Local and Macroscopic Fields in Materials
— In collaboration with Electromagnetic Proper-
ties of Materials project we have developed, from
basic statistical-mechanics principles, the micro-
scopic and macroscopic relationships for the local
and macroscopic fields in materials, and then re-
lated these to exact expressions for the constitu-
tive parameters.

B Nanomaterial and Metamaterial Charac-
terization — With the Electromagnetic Properties
of Materials project, the Complex Fields project,
and the Magnetics Group, we developed and per-
formed measurements on a novel metamaterial. The
material consists of yttrium garnet spheres in
Styrofoam. The permeability of the spheres is tuned
using a DC bias magnetic field until “left-handed”
behavior is observed. We plan to further develop
and measure left-handed meta-, magnetoelectric,
and photonic band-gap materials.

AwARD

m  NIST Bronze Medal for development of
Pulsed Inductive Microwave Magnetometer, 2004
(Tom Silva, Tony Kos, and Pavel Kabos).

REeceNT PUBLICATIONS

P. Kabos, U. Arz, and D. F. Williams, “Multiport Investigation
of Coupling of High Impedance Probes,” IEEE Microwave
Wireless Comp. Lett., in press.

T. M. Wallis, J. Moreland, B. F. Riddle, and P. Kabos, “Micro-
wave Power Imaging with Ferromagnetic Calorimeter Probes
on Bimaterial Cantilevers,” J. Magn. Magn. Mater., in press.



J. Baker-Jarvis, P. Kabos, and C. L. Holloway, “Nonequilibrium
Electromagnetics: Local and Macroscopic Fields and Consti-
tutive Relationships,” Phys Rev E 70, 036615/1-13 (Septem-
ber 2004).

J. Baker-Jarvis and P. Kabos, “Modified de Broglie Approach
Applied to the Schrodinger and Klien-Gordon Equations,”
Phys. Rev. A 68, 042110/1-8 (October 2003).

C. L. Holloway, E. F. Kuester, J. Baker-Jarvis, and P. Kabos,
“A Double Negative (DNG) Composite Medium Composed of
Magnetodielectric Spherical Particles Embedded in Matrix,”
IEEE Trans. Ant. Prop. 51, 2596-2602 (October 2003).

P. Kabos, H. C. Reader, U. Arz, and D. F. Williams, “Cali-
brated Waveform Measurement with High-Impedance Probes,”
IEEE Trans. Microwave Theory Tech. 51, 530-535 (February
2003).

A. B. Kos, T. J. Silva, and P. Kabos, “Pulsed Inductive Micro-
wave Magnetometer,” Rev. Sci. Instrum. 73, 3563-3569 (Oc-
tober 2002).

R. G Geyer, P. Kabos, and J. R. Baker-Jarvis, “Dielectric Sleeve
Resonator Techniques for Variable-Temperature Microwave
Characterization of Ferroelectric Materials,” IEEE MTT-S Int.
Microwave Symp., Seattle, WA, pp. 1657-1660 (June 2002).

Electronics and Electrical Engineering Laboratory



ELECTROMAGNETIC PROPERTIES OF MIATERIALS

GoaLs

This project develops, improves, and analyzes mea-
surement methods, uncertainties, and theory for the
characterization of the complex permittivity and
permeability of naturally occurring and artificial
materials in the radio-frequency, microwave, and
millimeter-wave spectrum as a function of tempera-
ture and bias fields. Emphasis is on metrology, thin
films, liquids, biological materials, high frequen-
cies, small scales, and artificial materials.

High-frequency evanescent microwave probe.

CustoMER NEEDS

Trends in microwave materials are toward higher
frequencies, variable temperatures, and nanoscale
dimensions. Currently, thin films, artificial and bio-
logical materials, substrates, and liquids are per-
ceived as the most important measurement areas.
Substrate-based components employing thin films
form the basis for microelectronic circuitry. Elec-
tronic substrate materials are used in printed wir-
ing boards (PWB), low-temperature cofired ceram-
ics (LTCC), CPU chips, and microwave compo-
nents. Industry requires new measurement meth-
ods with well-characterized uncertainties, at micro-
wave and millimeter frequencies and over variable
temperatures. Data on temperature-dependent di-
electric and loss properties of ceramics, substrates,
and crystals at microwave and millimeter frequen-

cies is crucial in the wireless and time-standards
arena. For example, computer-based design meth-
ods require very accurate data on the dielectric and
magnetic properties of these materials over wide
ranges of frequency and temperature. An under-
standing of loss mechanisms in low-loss crystals is
important when interpreting measurement results.
Artificial dielectrics are becoming commonplace
and can be designed to obtain properties not ex-
hibited in nature. New dielectric metrology is
needed for these areas.

Various applications require composite dielectrics
that emulate the human body’s electrical proper-
ties for testing metal detectors and analyzing elec-
tromagnetic interference (EMI) to implanted medi-
cal devices. Measurements of liquid permittivity
are needed to support biotechnology research. To
support the evolving microelectronics industry,
methods for characterizing nanoscale and
metamaterial properties will be necessary for the
development of novel new technologies. On-chip
microscale-to-nanoscale measurements of permit-
tivity are important for the microelectronics indus-
try. Both solid and liquid dielectric reference ma-
terials are needed to provide measurement trace-
ability to NIST. Measurement intercomparisons
provide assessments of the quality of material char-
acterization.

Newly developed thin-film materials such as high-
temperature superconductors, ferroelectrics, and
magnetoelectrics hold great potential for improved
functionality in microwave devices, but are still in
the critical stage of material development. Accu-
rate characterization of the microwave properties
of these emerging materials at this stage can have a
large impact on the development of future electronic
systems. Such materials can provide novel device
concepts useful to the commercial, military, and
metrological communities.

TECHNICAL STRATEGY

The project’s main thrusts in 2005 are to develop
measurement methods to support the health care
industries, measure materials at higher frequencies,
broaden our measurement temperature range, and
measure advanced materials over smaller dimen-
sions. The current specific areas of research are
thin films and printed wiring boards, applications
to biotechnology, low-loss dielectric and magnetic
crystals, probing methods for micro-nanoscale per-
mittivity, dielectric metrology of advanced materi-
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als such as metamaterials, superconductors, and
ferroelectrics, and theoretical modeling of dielec-
tric relaxation.

In response to needs in the microelectronics indus-
try, we are developing accurate methods for mea-
suring the dielectric properties of thin films using
both transmission-line and resonator methods. Us-
ing a previously developed on-wafer transmission-
line model, we will extend measurements of thin
films to frequencies above 40 gigahertz, and will
also develop a new resonator method. We will also
aid the PWB and LTCC industries in measuring
the permittivity of substrates at high frequencies.
To this end, we will further enhance our wideband,
variable-temperature metrology. We will extend the
capability of our Fabry-Perot measurement system
to include variable temperatures, and will complete
the model for the split-post resonator. We will mea-
sure a wide spectrum of ceramic materials com-
monly used in the electronics industry as a func-
tion of temperature. We will continue to work with
and support IPC Tasks Groups and the LTCC Work-
ing Group through measurement assistance.

To satisfy documented needs in the health care,
biotechnology, and metal-detector industries, we
will characterize materials that emulate the electri-
cal properties of the human body. We will also de-
velop a coaxial probe for in-vitro measurements in
support of research on detection of breast cancer.
In addition, in support of the biotechnology indus-
try, we will improve our liquid measurement me-
trology and will compare our measurements with
NPL’s using the liquid measurement methods we
have developed.

To enhance the understanding of the physics of
high-frequency losses in dielectrics we will test fer-
roelectric and other crystals over wide temperature
and frequency ranges using an in-house model for
determination of permittivity. We will also com-
pare the measured losses as functions of tempera-
ture and frequency to expressions in the solid-state
literature.

To support the microelectronics industry in on-chip
dielectric measurement metrology, we will develop
methods for evanescent microwave probing and
atomic-force microscopy.

To support basic research on advanced composite
materials technologies, we will develop measure-
ment metrology on metamaterials.

We will support the development of standards by
attending and contributing to standards committee
meetings.

To accurately determine the microwave properties
of developing materials, we will combine existing
on-wafer measurement techniques with lithographi-
cally defined device structures to characterize ad-
vanced materials such as high-temperature super-
conductors, ferroelectric, and magnetoelectric thin
films. We are also applying these techniques to
perform on-chip characterization of small samples
of biological materials or fluids using integrated
microfluidic channels and reservoirs. Device mea-
surements are then accomplished by utilizing a
number of specialized microwave probe stations,
such as our cryogenic probe station or 110 giga-
hertz probe station.

ACCOMPLISHMENTS

m  We developed measurement metrology for
measuring the broadband complex permittivity of
liquids. The software is based on an in-house theo-
retical model for the open-circuited sample holder.

B AStandard Reference Material (SRM) for both
relative permittivity and loss tangent has been com-
pleted and submitted to EEEL’s Measurement Com-
mittee (MCOM). Cross-linked polystyrene
samples were characterized in a mode-filtered cir-
cular-cylindrical cavity and will be available pend-
ing the approval of MCOM.

®  In collaboration with S. Hagness of the Uni-
versity of Wisconsin, we have developed new mea-
surement and calibration algorithms and a new elec-
tromagnetic theory for characterizing coaxial
probes for use in breast cancer detection and
therapy.

®  We have developed new theory and software
to characterize the microscopic fields in evanes-
cent probe metrology. A new theoretical model has
been developed for wire evanescent microwave
probes suspended over a multiple-dielectric (thin-
film on dielectric substrate) test structure for per-
forming on-chip permittivity measurements.

B We developed from basic statistical mechan-
ics the microscopic and macroscopic relationships
for the local and macroscopic fields in materials
and then related these to exact expressions for the
constitutive parameters. This work has been pub-
lished in Physical Review E.

m  With assistance from our collaborators J.
Krupka and R. Clarke, we modified our procedure
for measuring materials in the Fabry-Perot resona-
tor from 40 to 100 gigahertz, such that low-loss
materials (tan & = 0.00001) are measurable at 60
gigahertz.



m  We developed software to complete the de-
sign of a 10 gigahertz metal cavity used in a new
frequency discriminator design for improved phase
noise performance. In addition, completed the con-
struction of 4 additional cavities based on this de-
sign to be used by NIST and the sponsor. With Craig
Nelson of the Physics Laboratory, we co-authored
a paper describing a new method of reactive-tun-
ing of resonant cavities for improved performance
of temperature-controlled frequency discriminators.

®  [nanticipation of future needs, we completed
the design and modeling of coupling loops for depo-
sition on substrates, to be used at frequencies above
40 gigahertz in air-filled metallic cavities. This
design was then tested and demonstrated with a
numerical model using finite element methods
(Maxwell), with very favorable results.

®m  Major progress has been achieved in our goal
of developing techniques for measurements on fer-
roelectric materials. We have made high-accuracy
permittivity measurements on potassium tantalate
using our cryogenic system as functions of fre-
quency and temperature. This material has low loss
and tunability at low temperatures and may be a
significant material for tunable antennas and phase
shifters.

®  For our OLES contract, we made measure-
ments on many building materials. We are con-
structing a model concrete wall for propagation
studies in collaboration with the Time-Domain
Fields project. A comprehensive database has been
initiated. In addition, a rebar scattering model has
been developed.

®  Incollaboration with J. Krupka of the Univer-
sity of Warsaw, we used Bragg reflectors in our
Fabry-Perot resonator and found that the system
quality factor Q was increased from 150 000 to
250 000.

B A new standard for the IPC High-Frequency
Task Group (D-24) has been submitted for edito-
rial review.

B We published two technical notes that sum-
marize techniques for measuring the conductivity
and permeability of metals. In addition, the reports
contain conductivity and permeability data for met-
als commonly used in the manufacture of weap-
ons.

B We published a new theoretical model for the
split-cylinder resonator that incorporates higher-
order resonant modes, significantly broadening the
frequency range of this method. Prior to this new

model, complex permittivity measurements could
be made only at a single frequency with the split-
cylinder resonator.

B We performed measurements and collaborated
with P. Kabos, C. Holloway and S. Russek on de-
velopment of a novel metamaterial. The material
consists of yttrium garnet spheres in Styrofoam. The
permeability of the spheres is tuned using a DC
bias magnetic field until left-handed behavior is
observed. We plan to further develop and measure
left-handed, meta-, magnetoelectric, and photonic-
band-gap materials.

B We established an experimental platform to
explore broadband microwave interactions of lig-
uid and solution-based biological samples confined
in microfluidic structures. We have fabricated in-
dividual components of this platform, and evalu-
ated them using finite-element simulations. This
work will provide a new approach to broadband
permittivity measurements of fluids and biological
samples, and will also allow the development of
new techniques for exposing cell populations to
well-characterized electromagnetic fields for mi-
crowave hyperthermia and specific absorption rate
studies.

®  We measured pair-breaking current density in
high transition temperature superconducting thin
films. One of the fundamental properties of super-
conductors is the critical-current density (J.), which
sets the upper bound for the current-carrying ca-
pacity of a superconductor. Our measurements of
the nonlinear response of YBa,Cu,0, 5 thin films
show agreement with theoretical predictions for
nonlinear response due to pair-breaking in d-wave
superconductors, and our measurement system
yields values for the pair-breaking current density
that agree remarkably well with theoretical predic-
tions of this quantity for YBCO. This measurement
technique could provide an entirely new path to
determining critical current densities in supercon-
ductors, and may yield intrinsic J, values closer to
theoretical predictions than conventional J, mea-
surement techniques.

m  We developed a broadband technique for de-
termining the complex permittivity of dielectric and
ferroelectric thin films at variable temperatures. We
have succeeded in obtaining consistent values for
the complex permittivity of thin dielectric films over
the broad frequency range from 100 hertz to 40
gigahertz by combining several different measure-
ment techniques on the same patterned device struc-
tures. Measurements have been demonstrated on
SrTiO, thin films at room temperature. Such broad-



band measurements will be applied to help quan-
tify dispersion in ferroelectric films, and also to
evaluate newly developed magnetoelectric thin
films, as well as high-permittivity dielectric thin
films.

®  We have continued development of a novel
broadband superconducting device that can limit
large transient microwave signals encountered in
hostile electromagnetic environments. We have
measured the response of our superconducting mi-
crowave power limiter to high-voltage (50 volts),
fast risetime (250 picoseconds) pulses, and dem-
onstrated that the device is effective in limiting sig-
nals on timescales of under 1 nanosecond. We are
exploring the application of this device to protect
sensitive radio-frequency and microwave electron-
ics from high-power transient signals, including
ultra-wideband impulse jammers.

Our goals are to extend new measurement software
and theory for the evanescent microscope technique
(developed in collaboration with Pavel Kabos) and
measure substrate materials on-wafer. We will com-
plete a dielectric database for OLES/HS. We will
develop software for support of in-vitro breast can-
cer tissue measurements (in collaboration with
Pavel Kabos). We will complete measurements of
KTO, ferroelectric and publish the results in a jour-
nal.

We plan to write a paper and submit for publica-
tion on the measurement of high-loss liquids from
50 megahertz to 10 gigahertz to help industry cali-
brate dielectric measurements on biological mate-
rials. We will characterize and measure a
metamaterial for Boeing under DARPA funding
(with Pavel Kabos). We will characterize reference
fluids and biological samples using our broadband
microfluidic measurement platform over the fre-
quency range 100 hertz to 100 gigahertz.

To demonstrate application of a superconducting
microwave power limiter to mitigate effects of
broadband impulse jammers, we will obtain the

pair-breaking current density of superconducting
MgB, films using our nonlinear measurement tech-
niques and explore effects of disorder and
nonlocality on pair-breaking current density. We
will demonstrate broadband permittivity measure-
ments of ferroelectric thin films at variable tem-
peratures using on-wafer measurement techniques.
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ANTENNAS AND ANTENNA SYSTEMS:
ANTENNA THEORY AND APPLICATIONS

GoaLs

The Antenna Theory and Applications project de-
velops, refines, and extends measurement tech-
niques to meet current requirements and to antici-
pate future needs for accurate antenna character-
ization.

Laser Tracker

Laser tracker configured on the NIST millimeter-wave
planar near-field range. The laser tracker dynami-
cally measures the precise position of the measure-
ment probe during the near-field measurement scan.

CustoMER NEEDS

Microwave antenna hardware continues to become
more sophisticated. We provide state-of-the-art
measurement support for antennas and antenna sys-
tems. Current demands include:

Improved Accuracy — High-performance sys-
tems, especially those that are satellite-based, re-
quire maintenance of tighter tolerances.

Higher Frequencies — Millimeter-wave applica-
tions up to 500 gigahertz have been proposed.

Low-Sidelobe Antennas — Military and commer-
cial communications applications increasingly re-
quire sidelobe levels of 50 decibels below peak (or
better), a range where measurement by standard
techniques is difficult.

Complex Phased-Array Antennas — Large,
often electronically-steerable, phased arrays require
special diagnostic tests to ensure full functionality.

In Situ and Remote Measurements — Many sys-
tems cannot be transported to a measurement labo-

ratory. Robust techniques are needed for on-site
testing.

Production-Line Evaluation — Techniques are
required that emphasize speed and economy, pos-
sibly at the expense of the ultimate accuracy.

RFID Reliability — RFID is being used in new
applications such as inventory control and elec-
tronic passports. New methods are needed to as-
sure reliability and security.

Evaluation of Anechoic Chambers and Compact
Ranges — A number of widely used measurement
systems rely on establishing a well-characterized
test field. Near-field methods can be used to evalu-
ate and analyze the quality of these test fields.

TECHNICAL STRATEGY

We seek to expand our frequency coverage for an-
tenna calibrations to meet the demands of govern-
ment and industry. A probe-position correction
theory has been developed. By 2005, probe-posi-
tion correction will be implemented at the NIST
range by using a laser tracker to dynamically ac-
quire position data. This will help us to maintain
low uncertainties as we extend the frequency cov-
erage of our calibrations.

The near-field extrapolation method, developed at
NIST, is an accurate technique to characterize the
on-axis gain and polarization properties of anten-
nas. Further improvement is still possible. We plan
to extend the extrapolation software to take full
advantage of phase information and to analyze the
conditioning of the algorithm.

A thorough uncertainty analysis for planar near-
field measurements has been previously developed.
A similarly comprehensive uncertainty analysis is
needed for spherical near-field measurements. We
have completed a preliminary analysis and are
working to refine the bounds.

In-situ near-field measurements of antenna systems
are problematic because of the mechanical diffi-
culties in maintaining position tolerances and be-
cause full spherical scans are typically not physi-
cally feasible. We have made significant progress
in overcoming both these challenges and are work-
ing on the practical implementation of a deployable
measurement system.
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ACCOMPLISHMENTS

B Multiple Reflections Uncertainty — A
method for estimating the uncertainty due to probe-
antenna multiple reflections has been developed
and documented.
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Estimated multiple reflection error (lower signal)
compared to the antenna pattern for the ¢ = 90°.

B Probe-Position Correction — A three-dimen-
sional probe position-error correction scheme has
been developed for spherical near-field scanning
applications. This complements the three-dimen-
sional probe-position software completed earlier
for planar near-field scanning. Software is avail-
able to the public.
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B Optimizing Results from Partial Scans —
A computer program has been completed to ame-
liorate the effects of missing data when only part
of a sphere is scanned. If the missing data are set to
zero the result is a sudden drop in the measured
amplitude of the near field. When transformed to
the far field, this results in ringing in portions of
the far field. The new optimized method does a
constrained least-squares fit by using forward hemi-
sphere data and gain information to ensure a smooth
transition to the back hemisphere. The smooth tran-
sition effectively eliminates the ringing in the far
field.
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Cylindrical waveguide probe: Deviations from the
full-sphere pattern (errors) are shown for the
truncated (long dash) and constrained least squares
(short dash) methods. The full-sphere pattern is the
solid line.



SHORT COURSES

®m  NIST and the Georgia Institute of Technology
annually offer an introductory course on antenna
measurements. Every other year we present an in-
depth technical course restricted to near-field meth-
ods that were pioneered at NIST.

SOFTWARE

B Planar, cylindrical, and spherical near-field
scanning applications algorithms are currently
available. Probe position-correction software is
available for the planar and spherical methods. The
constrained least squares algorithm for partial
sphere data is also available. Quiet-zone evalua-
tion and imaging programs should be available
soon.

EXTERNAL RECOGNITION

B Mike Francis chairs the Antenna Standards
Committee of the IEEE Antennas and Propagation
Society.

®  Mike Francis received the Antenna Measure-
ment Techniques Association Distinguished Service
Award in October 2004.
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ANTENNAS AND ANTENNA SYSTEMS:
ANTENNA NEAR-FIELD MEASUREMENTS

GoaLs

The Antenna Near-Field Measurements project
serves as a national resource by providing antenna
measurement services and traceability through cali-
brations. It support government and private indus-
try programs, and maintains and develops the stan-
dards, methods, and instrumentation for antenna
characterization of gain, polarization and pattern
measurements.

Doug Tamura aligns a dual ridge horn for measure-
ments.

CustoMmER NEEDS

We continue to upgrade antenna metrology capa-
bility to meet evolving customer demands in the
following areas:

Probe Characterization — Accurate probe char-
acterization is fundamental to precise antenna mea-
surements. We provide probe correction coeffi-
cients for use in planar, spherical and cylindrical
near-field facilities.

Planar and Spherical Near-Field Measurements
— These are required to accurately characterize
large aperture, high-frequency antennas such as
phased array and dish antennas used in satellite
communications.

Antenna Standard Characterization — Indus-
try and government require antenna standards for
in-house antenna measurements.

Measurement Traceability — Program specifi-
cations often require NIST traceability.

Independent Verification of Antenna Param-
eters — Government and industry request measure-

ments to verify that their measurement and analy-
sis procedures produce the predicted and correct
results.

Technical Support — Assistance on measurement
techniques and analysis algorithms for antenna fa-
cilities that are implementing near-field measure-
ments.

TECHNICAL STRATEGY

We currently maintain near-field antenna measure-
ment standards and capabilities for frequencies
from 1.5 to 110 gigahertz. The recent integration
of a laser tracker system provides accurate infor-
mation on probe position for use with position-cor-
rection algorithms. These improvements will help
maintain low uncertainties as near-field measure-
ment frequencies are increased in the future.

We are extending the frequency range of our ex-
trapolation measurement capability. The new ex-
trapolation range will provide on-axis probe char-
acterization capability to complement near-field
range antenna pattern measurements at millimeter
wave frequencies.

We are performing an internal comparison on all
three of the NIST near-field ranges — planar, cy-
lindrical, and spherical — to verify performance
and refine uncertainties. Our capability with all
three types of ranges is unique.

We are providing reference antennas and measure-
ments to improve radiometer calibrations in sup-
port of the National Polar-Orbiting Operational En-
vironmental Satellite System (NPOESS). Anten-

Planar near-field measurements used to characterize
radiometer phase retardation plate.



nas and retardation plates (polarizers) are being
measured to better characterize radiometer perfor-
mance. We plan to develop both calibration sys-
tems and standard sources.

ACCOMPLISHMENTS

B Antenna Calibrations — We routinely per-
form antenna calibrations for external customers.
Examples of recent measurements are:

— WR-28 — Open-ended Waveguide Probe

— WR-62 — Dual-port Linear Probe

— WR-90 — 2 Standard Gain Horns

— WR-137 — Standard Gain Horns

— WR-42 — 3 Horn Lens Antenna

— WR-22 — 3 Horn Lens Antenna

— WR-28 — Cassegrain Dish Antenna
— Broadband — 2 Dual Ridge Horns
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ANTENNAS AND ANTENNA SYSTEMS:
MEeTROLOGY FOR RADAR CROSS SECTION SYSTEMS

GoaLs

The Metrology for Radar Cross Section Systems
project assists the U.S. Department of Defense
(DOD) and industrial radar cross section (RCS)
measurement ranges to create and implement a
National DOD Quality Assurance Program to en-
sure high quality RCS calibrations and measure-
ments with stated uncertainties.

The basic cylinder set used to calibrate static RCS
measurement systems in the frequency range of 2 to
18 gigahertz. The cylinders are made of aluminum, and
are manufactured to a tolerance of + 0.127 millimeter:

CustoMmER NEEDS

RCS measurements on complex targets, such as
aircraft, ships, and missiles, are made at different
types of RCS measurement ranges, including com-
pact ranges (indoor static), and outdoor static or
dynamic facilities. Measurements taken at various
ranges on the same targets must agree with each
other within stated uncertainties to increase confi-
dence in RCS measurements industry wide. Al-
though the sources of uncertainty are well known,
a comprehensive determination of the magnitudes
of uncertainties in RCS calibrations require well-
formulated procedures that measurement ranges can
use to determine their uncertainties. Customer needs
include:

Calibration Artifacts — RCS users need improved
calibration artifacts that are dimensionally trace-
able and calculable, and exhibit wide dynamic
range.

Calibration Procedures — Calibration procedures
and data analysis techniques are needed to mini-
mize range uncertainties at both government and

industrial RCS ranges. The implementation of im-
proved procedures and the determination of range
uncertainties at every RCS measurement range are
essential if the U.S. RCS industry is to maintain its
world leadership.

TECHNICAL STRATEGY

The complex measurement systems and measure-
ment practices at RCS ranges should be docu-
mented uniformly throughout the industry so that
meaningful comparison of capabilities and impor-
tant range-to-range differences are recognized. The
framework of a RCS Range Book, in the context
ofaDOD RCS Self-Certification Program, is used
to ensure community-wide compliance.

We provide RCS Range Book reviews for the DOD
and industrial RCS ranges. These in-depth reviews
provide guidance to the RCS community as they
pursue their industry-wide certification program.
The uncertainty analyses pursued by the U.S. RCS
ranges are based on the pioneering work by NIST
in this area.

We have continued to work closely with selected
RCS ranges to develop and standardize procedures
to determine RCS calibration and measurement un-
certainty for both monostatic and bistatic RCS mea-
surements. Fully polarimetric calibration proce-
dures are also being studied.

To support these research activities we have rec-
ommended an expanded set of RCS calibration cyl-
inders to calibrate the system at various signal lev-
els of interest using a single artifact. To support
polarimetric calibration research, we recommended
a set of calibration dihedrals that can be used to
determine system parameters needed to analyze
polarimetric calibration data.

We seek to fully assess the technical merit and de-
ficiencies of existing calibration and measurement
procedures, data-analysis techniques, and uncer-
tainty analysis. We plan to publish recommenda-
tions for improvements in these areas. We plan to
further explore known problems in areas such as
dynamic sphere calibration, polarimetric calibra-
tion, and bistatic RCS calibration.

The annual RCS Certification Meeting held at
NIST-Boulder provides a forum for the RCS com-
munity to discuss procedural and technical issues
on an ongoing basis.



ACCOMPLISHMENTS

®m  Cylinder Calibration Set — The RCS com-
munity has adopted a basic cylinder calibration set
to test the calibration integrity of monostatic RCS
systems. Computed radar cross sections for the
cylinder set have been obtained. These 4 cylinders
have been measured at a number of government
and industrial measurement ranges, with agreement
with the theoretical RCS of better than 0.5 deci-
bels. These comparisons demonstrate good repeat-
ability; however, we need more robust independent
measurement procedures to determine the measure-
ment uncertainties.

B Dihedral Calibration Set— We designed and
manufactured a set of calibration cylinders with
dihedral cutouts that can be used to calibrate a RCS
range within a large dynamic range rather than at a
single signal level, thereby improving calibration
accuracy within the measurement interval. These
artifacts should be useful in a nationwide measure-
ment-comparison program.

RCS calibration cylinders with dihedral cutouts make
it possible to calibrate a RCS measurement system
over a large dynamic range.

®  RCS Uncertainty Analysis — We have com-
pleted a measurement-based RCS calibration un-
certainty analysis for the Etcheron Valley Range,
NAVAIR, China Lake, CA. This study determined
the calibration uncertainty bounds without having
to rely on statistical model assumptions that may
not be valid for RCS calibrations and measure-
ments.

B Polarimetric Calibrations — RCS ranges
have reported less than satisfactory results with ex-
isting polarimetric calibration procedures. We de-
veloped a more robust calibration procedure
wherein full polarimetric data are obtained using a
dihedral rotating around the line-of-sight to the ra-
dar. The new procedure allows us to improve the
signal-to-noise ratio and check for alignment prob-
lems by exploiting the symmetry properties of the
dihedral.
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ELECTROMAGNETIC COMPATIBILITY:
REerFerReNCE FiIELDS AND PROBES

GoaLs

The Reference Fields and Probes project develops
methods and techniques for establishing continu-
ous-wave electromagnetic (EM) reference fields
and transfer probes for frequencies to 100 giga-
hertz. It maintains the capability to provide antenna,
probe, and field measurements with international
compatibility and traceability to NIST in support
of U.S. industry. Although most present applica-
tions utilize spectra in the 1 megahertz to 10 giga-
hertz range, systems such as automotive collision
avoidance radars that operate up to nearly 100 gi-
gahertz are being developed.

Antenna under test at NIST anechoic chamber facility.

CusTtoMER NEEDS

Based on the principles of “one product, one tech-
nically valid international standard, one conformity
assessment” (1998 MSL Strategic Plan), industry
requires EM field measurement capabilities and
transfer probes that are traceable to NIST in order
meet multinational compliance requirements and
reduce barriers to worldwide acceptance of U.S.
products. We address these needs with the follow-

ing:

Reference Fields — Well defined EM reference
fields are necessary for the calibration of antennas
and probes. They are also needed for research and
development to increase measurement accuracy and
spectral range as will be necessary to support the
future needs of U.S. industry and private test labo-
ratories.

Field Probes — Accurate field probes are needed
by government and industry to define EM field lev-

els. U.S. defense and homeland security agencies
rely heavily on EM systems for sensors and strate-
gic communication. New probes need to be devel-
oped for the ever expanding range of EM environ-
ments.

Probe Calibrations — Field probe calibrations are
costly. Techniques to reduce calibration costs are
needed, especially for applications that require
multiple probes and frequent recalibration.

TECHNICAL STRATEGY

We maintain an integrated effort both to generate
standard reference fields and to develop the probes
required for their accurate measurement. The two
efforts complement each other and allow cross
checking in order to reduce the uncertainties in-
herent in each effort as well as to transfer calibra-
tion capabilities to other test laboratories and fa-
cilities. As instrumentation and electronics achieve
higher clock rates, measurements are needed at
higher frequencies. We are working both to extend
current techniques and facilities to higher frequen-
cies and to develop new test methods to increase
accuracy and reduce measurement costs. In this
context, we plan to develop improved methods for
measuring radio frequency (RF) emissions above
1 gigahertz.

Open-area test site (OATS) facilities are accepted
as standard sites for electromagnetic compatibility
(EMC) emissions measurements. Previous com-
parisons of EMC emissions measurements at vari-
ous industrial sites showed large variations from
site to site. Development of a service to quantify
the output from various reference emitters would
address site variations. A reference emitter mea-
surement service for 30 to 1000 megahertz has been
offered. We work closely with the American Na-
tional Standards Institute (ANSI) to further improve
OATS methods.

Fully anechoic chamber (FAC) facilities are ac-
cepted as standard sites for free-space measure-
ments. By 2006, we expect to improve techniques
for antenna far-field characterization in our cham-
ber for frequencies up to 18 gigahertz. The cham-
ber is also being evaluated for EMC product test-
ing up to 40 gigahertz.

Closed test systems such as transverse electromag-
netic (TEM) cells have been widely adopted for



testing small antennas, sensors, and probes, but are
normally limited by geometrical constraints to fre-
quencies below 1 gigahertz. We are currently con-
structing a new closed-cell system that utilizes a
co-conical geometry that can be used to test such
devices up to 45 gigahertz. The test volume of this
system is large enough to calibrate several probes
at once. EM modeling and analysis using numeri-
cal techniques such as finite-difference time-do-
main are used to predict system performance for
multiple probes.

We have developed photonic probes that transmit
analog signals along optical fibers to preserve both
phase and amplitude of high-frequency and pulsed
signals, and to reduce errors caused by scattering
or pickup in metallic leads. We will upgrade our
standard RF dipole with optical fiber links to help
reduce the measurement uncertainties arising from
the increase in ambient fields at our OATS. At
terahertz frequencies, optical fibers hold a clear
advantage for signal transmission from a probe head
to receiving electronics. By 2006 we plan to dem-
onstrate techniques for a fiber-based 100 gigahertz
probe system.

Measurements performed using different equip-
ment and facilities such as OATS, TEM cells, FAC
and semi-anechoic facilities often yield different
results. We will focus on systematically investigat-
ing methods to reducing these variations and im-
prove congruity within the U.S. industrial commu-
nity. We will provide technical information and
guidance to standards organizations to help corre-
late measurements between various EMC test fa-
cilities by 2006. We will also cooperate with the
national test laboratories of our international trad-
ing partners to perform round-robin testing and
intercomparison of various standard antennas and
probes. This assures international agreement in their
performance and reduces the uncertainties in the
areas of metrology that affect international trade.

ACCOMPLISHMENTS

8 OATS Qualification above 1 Gigahertz —
Cooperative measurements with U.S. national labo-
ratories provided key data for new EMC standards
work above 1 gigahertz. In particular, methods that

qualify OATS above 1 gigahertz were investigated
as part of an ANSI C63 effort. Studies were done
on scattering objects and the effects of test envi-
ronments on antenna measurements.

B Probe Calibrations — Calibrations were per-
formed on probes/antennas for several companies
and/or government agencies covering the frequency
range of 10 kilohertz to 45.5 gigahertz using TEM
cell and anechoic chamber test facilities. Field lev-
els varied from 1 to 200 volts per meter.

®  Co-Conical Field Generation System — A
feasibility study on a co-conical field generation
system for rapid, cost-effective probe calibration
was completed. A full turnkey facility development
has been designed. This system will be used as a
standard-field generation system for probe calibra-
tions in the frequency range from 10 megahertz to
45 gigahertz. This effort is currently sponsored by
the U.S. Air Force.

Prototype co-conical field generation system.

Electromagnetics Division



®m  Electro-Optic Probe — A standard RF dipole
with electro-optic coupling that covers a range from
10 megahertz to 1.5 gigahertz was fabricated.

®  E and H Field Probe — A loop antenna with
integrated photonics and controls to simultaneously
measure E and H fields up to 1 kilovolt per meter
is being developed.

Double gap loop antenna system for simultaneous
measurement of E and H.
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ELECTROMAGNETIC COMPATIBILITY:

CompLEX FIELDS

GoaLs

The Complex Fields project develops and main-
tains measurement methods to quantify fields in
complex environments, such as electrically large
cavities and highly nonuniform boundaries. Appli-
cations include the reverberation chamber, the sta-
tistics of electromagnetic fields in rooms and build-
ings, the communications needs of first respond-
ers, measurements of shielding effectiveness of
advanced composites, coupling to large scale sys-
tems and components, coupling to biological ob-
jects, advanced numerical methods, and
metamaterials. These efforts support industry and
government agencies, national and international
standards, healthcare, homeland security, and
nanotechnology.

Christopher Holloway tests a composite medium
consisting of insulating magneto-dielectric spherical
particles embedded in a background matrix for double
negative index behavior. © Geoffrey Wheeler

CustoMmER NEEDS

Large, complex systems located in complex field
environments need to be tested for electromagnetic
compatibility (EMC). Electromagnetic interference
(EMI) affects U.S. competitiveness (through trade
restrictions and regulations), national security,
health, and safety. EMC regulations and require-
ments constitute 1 to 10 percent of the total U.S.
product costs and can cause delays to market. We
are providing research and support to address a
number of critical areas:

Reverberation Chambers — Reverberation
chambers are used to test large complex systems at
high frequencies. Users of reverberation chambers
need better models of statistical parameters, im-
proved chamber and stirrer designs, test object
models, and guidance for translating reverberation
chamber technology into national and international
standards.

Shielding of Advanced Composites — Shielding
effectiveness of advanced composites cannot be
readily tested with existing methods (e.g., ASTM
coaxial fixture). New methods are needed, such as
the use of nested reverberation chambers.

Coupling to Biological Objects — The increased
use of wireless devices in scattering-rich environ-
ments is creating questions about the effects of ex-
posure of humans and animals to electromagnetic
fields. These conditions need to be replicated in
controlled experiments.

First Responder Communications — First re-
sponders to emergency situations encounter diffi-
cult communications scenarios. There is a need to
understand propagation in a wide variety of envi-
ronments, including collapsed buildings.

Complex Boundaries — The interface between
complex media is a difficult modeling and mea-
surement challenge. Advances at both the macro-
and micro-scale (nanotechnology) are needed.

TECHNICAL STRATEGY

Our goal is to develop and evaluate reliable and
cost-effective standards, test methods, and measure-
ment services related to complex electromagnetic
fields for EMC of electronic devices and other ap-
plications in health, defense, and homeland secu-
rity. This includes investigating new applications
for existing test facilities as well as improving meth-
ods for evaluating the critical characteristics of
support hardware, such as antennas, cables, con-
nectors, enclosures, and absorbing material.

Reverberation chambers are increasingly a key tool
for EMC testing in the gigahertz frequency range.
The recent publication of IEC61000-4-21 on re-
verberation chamber test methods will increase
usage. We have played a leading role in develop-
ing reverberation chamber technology. We continue
to develop models for the statistical behavior of
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the fields in the test volume and near the bound-
aries. While the typical target for a reverberation
chamber is a Rayleigh field distribution, multiple-
input/multiple-output (MIMO) system testing re-
quires a Ricean field distribution. We will investi-
gate methods to accurately control the ratio between
direct and indirect coupling for MIMO and other
test applications. Probes are traditionally calibrated
in highly controlled reference fields. We will in-
vestigate whether the large volume of a reverbera-
tion chamber can be used to simultaneously cali-
brate a large number of field probes. We are devel-
oping analytical models of test-object directivity.
We will continue to experimentally test these mod-
els and transfer results to committees developing
standards for reverberation chamber.

Advanced composites offer weight and perfor-
mance advantages over metals and are increasingly
being used in aerospace and other applications.
Plastics inherently provide no significant shield-
ing to electromagnetic fields. Plastics can be “met-
alized” by introducing conducting fibers; however,
this may affect mechanical performance. There is
aneed to reliably test for the EM shielding proper-
ties of advanced composites so that manufacturers
can find the right balance between electrical and
mechanical performance for a particular applica-
tion. We are investigating the use of nested rever-
beration chambers to address this challenge. We
are investigating better statistical descriptors for the
shielded fields to more accurately define shielding
effectiveness in complex coupling environments.

The proliferation of wireless devices means in-
creased exposure of humans to electromagnetic
fields. Testing for the possible effects on health due
to chronic exposure is needed. We recently com-
pleted a study on the use of a reverberation cham-
ber to expose large number of phantoms to a con-
trolled EM field. The phantoms simulated adult
rodents. The study showed good exposure unifor-
mity for a population of up to 250 phantoms in a
moderately sized chamber. The National Institutes
of Health (NIH) plans to conduct a long-term study
on rodents using the reverberation chamber method.
We will continue to investigate the coupling of
fields to biological materials. We will investigate
whether lossy materials that heat in an EM field
can be developed as an alternative to field probes
for chamber qualification and monitoring.

First responders need reliable communications in
emergency scenarios. Disaster scenarios and ter-
rorist attacks may result in scenarios where respond-

ers or citizens are trapped in collapsed or blocked
buildings. The propagation of signals in the bands
used by first-responder radios and cellular tele-
phones needs to be investigated. We have per-
formed unique experiments to define communica-
tions links in buildings prior, during, and after
demolition. These data will give invaluable insight
into the communications challenges faced by first
responders. We are additionally investigating alter-
native methods to detect and locate trapped persons.

Meta-materials (i.e., engineered or man-made ma-
terials) have received considerable interest in re-
cent years. Metamaterials are commonly engineered
by arranging a set of scatterers throughout a region
of space in a specific pattern so as to achieve some
desirable bulk behavior. Examples of electromag-
netic metamaterials are artificial dielectrics, pho-
tonic bandgap structures, and frequency-selective
surfaces. Recently there have been studies on the
properties and potential applications of double-
negative (DNG) materials. We are investigating a
composite medium consisting of insulating mag-
neto-dielectric spherical particles embedded in a
background matrix to achieve DNG behavior. We
have shown that the effective permeability and per-
mittivity of the mixture can be simultaneously nega-
tive for wavelengths where the spherical inclusions
are resonant.

We work closely with national and international
standards bodies to transfer experimental and theo-
retical results and to improve test methods for large,
complex systems. We plan to continue participation
in various IEC, CISPR, ANSI, SAE and IEEE stan-
dards committees related to EMC test methods.

ACCOMPLISHMENTS

®  Probe Response Model — An improved re-
sponse model for a diode-based electric field probe
was developed. The model is being used to improve
probe calibrations, particularly in a reverberation
chamber where dynamic range is large.

®  Phantom Study — The electric field statis-
tics in a heavily loaded reverberation chamber were
evaluated and compared to the empty-chamber sta-
tistics. The load consisted of phantoms (water
bottles) filled with tissue-simulating liquid. Whole-
body average specific absorption rate (SAR) in the
phantoms was also determined via direct (tempera-
ture-increase) and indirect (insertion-loss) measure-
ments. The results support the use of a reverbera-
tion chamber for animal exposure studies.



B Propagation in Collapsed Buildings — Two
experimental studies on signal propagation in build-
ings prior, during, and after demolition were com-
pleted. These experiments provide invaluable data
on first-responder communication challenges.

m  Effective Boundary Conditions — Effective
boundary conditions for thin films with applica-
tions to active materials such as frequency-tunable
surfaces have been derived and published.
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